
I~
- -.

A NAO 4I 1+65 BALLISTIC RESEARCH LAPS •BERDEEN °ROVTNS GROUNC MD F/S 20/A
CALCULATED ENERGY OEDENPFN:E (iF NFUT pON INDUCED DISPLACEMENt f l A ——E TC I ’ ! )
.MI 77 a t YOtJt4GBL000, u R VAN AI’TWERP

UNCLASSIF IED SRL”I* 2759

__ 
_ _  

flu _

_ _

U_U!__fluAiIM. I. Tj

N — a -—



B RL~ ’~ 
1

MEMORANDUM REPORT NO. 2759

~f, CALCULATED ENE RG Y DEPENDENCE OF NEUTRON

INDUCED D I S P L A C E MENT DAMAGE IN S I L I C O N

J. E. Youngblood
W. R. Van Antwerp D ~ C

JUL

June 1977

LA... Approved for public release; distribution unlimi ted.

USA ARMAMENT RESEARCH AND DEVELOPMENT COMMAND
USA BALLISTI C RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

~~~~~~~~ ~~~~~
~-



Destroy this  report when it is no longer needed.
Do not return it to the orig inator.

Secondary distribution of this report by originatin g
or sponsoring activity is prohibited.

Additional copies of this report may be obtai ned
from the National Technical Info rmation Service ,
U.S . Department of Cosinerce , Springfield , Virgin ia
22151.

The findings in this report are not to be construed as
an of f ic ia l  Department of the Army position , unless
so designated by other authorized documents .

,~~,. a__ _. — ..~~ .. .. - ~-
- ..%. • -

~ 
— - -

~~~~ 
— ---— — -— - ... -,



IJNCLASSIF TED
S EC U R I T Y  C L A S S I V I C A T I O N  O~ THIS PAG E (WP,~~ , D .  RnI.,, ~~

D~~D(~DV  r I ~~~~~~ J T A YI f ~~S DA,
~~~ 

READ fNSTRUCTTONS
!~~L.U 1JI~~ I U~~~~u1 U ~~ U ~~~~ BEFORE CO~ PLET1NG FORW

— / ~ . REPORT MUM&&R -- —------~~~~~~ 2. GOVT ACCESSIO N NO. 3 R E C I P I E N T S  C A T A L O G  MUMMER

- 
“II MORAN IHJ M RI I~ORL ~~ . . 759

s TYPE OP PORT B PERIOD COVERE O

7 .~ ~AL~~~~~D ENERGY DEPENDENCE OF NEIrrRON
- ~~

-
~
‘ IND UCED DISPLAC~ 4ENT DN4AG E IN SILICON . S ~~~~~~~ ~~ ~~ao~~ MUMME R

7. A UTNO R(~) S. CONT RACT OR G RA N T  NUMSER(.)

J. E./Youngblood~\

~~ W. R ./Van Antwerp \
S PERFORMING ORGANIZA T ION NA M E AND ADD RESS 10. PROO~~AM ELEMENT . PROJE CT , T A S K

A R S W~~RK UNIT NUMSERS

USA Ball ist ic Research Laboratory
Aberdeen Proving Ground , MD 21005 .— RDt~~71L162118AH75 /

II . CONTROLLING OFFICE NAME AND ADDRESS (.// Aa. ~~~~~~~~~~~~~~~
US Army Materiel Development G Readiness Conun~isd JUNE l,~ 77
5001 Eisenhower Avenue 

~,.

Alexand ria, VA 22333 56
14. MONITORING AGENCY NAME & ADORESS(II dSlf.r~ ,t from ConlvoUSn4 OUlc.) IS. SECURITY C L A S S  (of thu r•perl)

US Arm y Harry Diamond Laboratories
2800 Powder Mil l  Road 

). ;~~~~, 
I Ijnclassifieçl

Adelph i , MD 20783 / ~~
, ._—‘ / 

~ 
Is. . ~~~L~~~S S I F I C A T I O N  DOWNGRADING

15. DISTRIB UTION STATEMENT (of SAl. R.pori)

,~ Appr oved for p u b l i c  r e lease ;  di str ibu ti on unlimited . 
• •

.) ~~~~~~~~~~~~~~~~

/ / I

17. DISTRIBu T ION S T A T E M E N T  (of A. .b.t,.ct ,ts,.d In Block 20. II dlff.,.nI f,o,o R.po,I)

C
IS. SUPPLEMENTARY NOTES

*Mr. YoungbloocP s presen t address is: US Army Materie l System s Analysis
Activity, Aberdeen Proving Ground, MD 21005

Ij. KEY WORDS (ConlIn... on r.r .r.. •Id. If n.c.. . y mid t4.ntlf ~ by block n.o,.b.,)

Radiation Damage Nuclear Weapon Effects
Neutron Interactions
Energy Dependence
Neutron Reactions in Silicon

20 ASIT RAC T (C.nIIn... —, e~~~s~ .S~~ St ..c awp ,d S d.nSI& W block m *.r) (idk)

The results of calculations on the energy-dependence of neutron-induced
displac~~ient damage in silicon are presented . A computer code that utilizes
all available neutron cross section information has been used to calculate
the energy available for displucoment damage, according to Lindhard theory, in

• 
- 

5 keV intervals. Tables of results averaged over 25 key intervals and aver-
aged over 100 key intervals are also presented.

DO ,~~~~~~, 1473 CO~TiON OF NOV SS I$ OUOI ETE UNC LASSIFIED

,~
) 

~~ ~ 

— (‘~i~
) SECURITY CLA$BIPS CATION OP TillS PROC (~~I*n D.c. tnl.r.d)

~0~~~~ ~~~~~~ 
~ “I~~~~~ T’ — -~

- - -~:~ ~~~~~~~~ 
-
~~~~~

-— - • -
~~~ — —-— — .-— -— - -- -



TABLE OF CONTENTS

Page

LIST OF ILLUSTRAT I ONS 5

LIST OF TABLES 7

I . IN TRODUCTION AND BACKGROUND 9

II. COMPUTATIONAL PROCEDURE 12

I I I . RESULTS 17

IV . DISCUSSION 28

ACKNOWLEDGEMENTS 30

REFERENCES 31

APPENDIX 33

1. Introduction 33

2. Lis t ing  of the Main Program 34

3. Listing of Subroutines 40

DISTRIBUTION LIST 55

- 

3 

— _____ ——



LIST OF iLLUSTRATIONS

Fi~gure

1 Components of Damage , 0.1 to 10 MeV 18

2 Components of Damage, 10 to 20 MeV 19

- 
r~-1~~~~~

- — .‘~~~~~~~ —. • F’ ~~~~~~~~ 
•• _•  ,

~
.;••_ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - .



LIST OF TABLES

T a b l e

I. Comparison of Estimates of Displacement Fractions at
Several Recoil Energies 16

II. Relative Neutron Damage (MeV•b) Averaged Over 5 keV
Intervals , 0.1 to 4 MeV 20

III. Relative Neutron Damage (MeV•b) Averaged Over S keV
Intervals , 4 to 8 MeV 2 1

IV . Relative Neutron Damage (MeV b) Averaged Over 5 keV
Intervals , 8 to 12 MeV 22

V . Relative Neutron Damage (MeV’b) Averaged Over 5 key
In terval s, 12 to 16 MeV 23

VI. Relative Neutron Damage (MeV’b) Averaged Over 25 key
Intervals , 0.1 to 8 MeV 24

VII. Rel ative Neutron Damage (MeV.b) Averaged Over 25 key
Intervals , 8 to 16 MeV 25

VIII. Relative Neutro n Damage (MeV.b) Averaged Over 0.1 MeV
Intervals , 0.1 to 20 MeV

IX. Damage Results in 22-Group Structure 27

X . Damage Ratios , 14 MeV/l MeV .78

7
I 

~~
%L

~
(zc

~~,OT

______ 

~~ 
% - . ... . — • •• ~~~~~~~~~~~~ _ •I~~~~’~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

- — 

~:- 
—



I. INTRODUCTION AND BACKGROUND

The need for a definitive formulation of the relationshi p between

neu tron energy and displacement damage has been noted by Conrad .’ A
r i g o r o u s l y  determined curve based on the physics of the neutron-mate rial
interactions and the appropriate neutron cross sections , which can be ex-
tended to other materials where adequate cross section information is
available , is reauired . Experimental evaluations of the accuracy and
the range of applicability are also required. Some preliminary work on

th is problem has been reported,
2’3 and, in this memorandum, we present a

more detailed calculation of the energy dependence of neutron-induced
di splacement 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 . Cons iderable care has been taken (s ee Refer ence
3) to utilize all available neutron cross section information and the re-
sults presented here a~e based on s i licon cross sec tions from a DNA f ile
tape , DNA-4 15l MOD . 3 (obtained from RSIC , ORNL) .

Earl y efforts to calculate the permanent damage in silicon include

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

able at that time , and Stein,5 who noted a factor of two difference be-
‘ween the damage calculated for a realistic angular distribution (data for

- . . . . . 6
aluminum were used) and that for an isotropic distribution . Holmes has

~E. E.  v1r 2d , “Conaideration in E~tab liahing a Standard f o r  Neutron Dia-
~~cerien-~. FY.er 7-~, E f fe c t a  in Semiconductora ,” IEEE Tran.e. Nuci. Sci ., V o,

,vs- :~, ,‘ . 6, ~p 2 .7~ —205 , 1971.

~an ~‘: . ~erp and J . E .  Yoz~~gblood, “I liep i-acement Do nag e in S i l i c of l
I r ra J ~~’ted ~i~ h 6- to 1~ —MeV Neutrona , -” Bull.  Am. Phy a. ~~~~~ Vol 17 ,

~~~~~ J , ~i7 2.
3 r E  Y; un ~j .~~ ; z , W. , ~. Van Antwerp , and R.M.  Tapp hor-n , “Diap lacement D~-

‘~~e in Si i z c c ~n Irr ad-~ated with 6- to 10-Me V Neutron a , ” BRI Memorandw ’ Re-
p~ rt M.~ 2738 , Apri l 1977 .

4E. C. Smith, et a l .,  “Theoretica l and Experimenta l D~’~erniinations of .V1~~~—
t r n  E~:r~r i p  T) cpuo -’ tion in Si licon, ” IEEE Trano. Nue l. S. i .~ Vol. ~~~~~~N. . ~, p p  1 1—17 , 1~) 66. D . Binder et cxl .  , “Ana Z p t ~~zl m d  Ex~.ri r,~~ t.~Pre c~ti~~ns of Pu aion Neutro n Rad iation Effect e , ” AF ’WL-Th- t ’~ -41 , ~ol .  1 ,
Hu~ he~ -.Fu l lerton, 1966.

~~~~ ~~~~~~ “Energy Dependence of Neutron D~ nage in ‘ .- - - ‘ : . “ ~~~~~~~~
.~~, Vol.  38 , No. 1, pp  204—210 , 1967.

Ho lmea , “Energy Dependence f or  Carrier Removal and L i f et i r : - . - : ‘u~ c
by Pa c t N eu t .r~.n8 in Silicon,” Bell  Te lephone L~.bora t~ r zea  We~p On~ . J ’e~ t~; ] t~4 d i e e ,  I’ e1’~~rt tO A BMDA, Vol. Ii , Supp lement I I I , p p  t~7—6 8 , c~’t I er 1,
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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 Manning

9

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/ l MeV damage) was found to be ca. 1.05. Rogers et al!0
have calculated both ionization and displacemen t 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-
t ion of the Lindhard displacement fraction in calculations similar to
th ose presented in this report . However, they use average val ues 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 ef fect iveness  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 Gossick 11 it is expected that a space-charge reg-
ion and a potential barrier will form at a cluster of defects . The im-
p lications of clustering on the energy dependence of neutron damage in

K. Thatcher and M. L. Green, “TREE Preferred Procedures,” DNA 202811,
E-ii tion No. 2, Batte lie Columbus Laboratories , Jun e 1972.

L. Creen and R. K. Thatcher, “Preparation of a Standard Technique for
De termination of Neutron Equivalence for Bulk Damage in Silicon,” IEEE
Trans. Nuc i.  Sci., Vol. NS—19, No. 6, pp 200-208, December 2972.

D c. s. ;uenaer and hvin Manning, “Calcu lated Disp lacement Damage by Neu-
tr’~—na in InSb,” IEEE Trans. Nuci. Sci ., Vol. NS-21, No. 6, pp 26-29,
December 1974.

~
°V.C. Rog~r8, L. Harri s , J r . ,  D .K.  Steinmczn, and D. E . Bryan , “Silico n
I onization and Disp lacement Kerma f o r  Neutrons f ~’om The rma l to 20 Me V, ”
IEEE Trans. Nuci. Sci,~~ Vol. NS-22, No. 6, p p  2326-2329 , December 1975 .
(Als o , see erratu m, Op. Cit., Vol. NS-23, No. 1, pp 875-876 , Febru ary
2.i? 6.

D, cc ick , “Disordered Regions in Semiconductoro Bc*nbarded bp Fas t
Ni~~tr~’~w ,” i-’. App i. Phyo . ,  Vol .  30, No. 8, pp 1214—1218 , Au rue t 1959.

10
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s i l i c on have r ecen t ly  been reviewed by van Lint  and Leadon)2 These

authors compare earlier work by the same group
13 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. Spec if ical ly , 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-
tinu i ng interest because of applications to ion implantation and heavy-
ion simulation of radiation damage. Current work includes that by

Martynenko 14 and by V ine t sk i i  and Kondrachuk . 15 The implicat ions of
both these works are that there is much diffusion out of the clusters
that are formed , that t h i s  results  in a l imi ted s igni f icance  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 st a b i l i t y  increases wi th  incident par t ic le  energy (defect den-
sity). For neutron-induced recoils in silicon it is concluded lS 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 Th is technique can be expensive in an applica-

tion to a simple cubic structure to determine a single phys ical parameter

~~~A . J .  van Lint and R. E. Leadon, “Imp lications of Cluster M~de~ f Neu-
~~

i - -
~~i Effects  in Silicon,” Latt ice Defects in Semiconductors , 1D?4 , ”

f l 3 t .  Ph ys.  Conf. Ser., No.  23 , The Institute of Physics, L - n - ~]~-~ z ’~J
Rr~ct c l , pp  227—232 , 197.5.

t’ -zn L~’nt , R. E. Leadon, and J . F. Co lwell , “Ener ~~ D ’~; ~~~~~~~~~~~ of
‘iap lacement Effects in Semiconductors,” IEEE Trans. Nuci. Sci,~~ Vo~ .

115—19, No. 6, pp 181—185 , 1972.

~~~~ “ . Mci r tYnPnk  ‘, “Anrec?lino ard CluB t.ering of : OJ e~ t~ z n  .1~~~2J o ,
-~- i J .  E f fects , 11’l. 2D , pp  129—13.5, 1976.

~~~. V: netskii i n]  A .  V. Kondrachuk , “The Kinet i~ o of ~ ~
- ~r zn7et ’ -ro o f  Radiation Defec t  Clusters in Si licon, ” K - i ! .  /ff . 

~~~~~~
, V ’L .

/ , pp 227—232 , 1976.

~
6J. B. - i/ . ’ o n , ~ .11. Soland M. Mi lgram, and 1 . H.  Vi~~.-~/ .z rJ , “, ? 1 v’: ..~/- i Jdation Damage,” Phys. Rev,~~ Vol. 120, pp  1229-1253, 1960.

17; P. .T-~oko~ n and P . V. Morgan “Con~~utcr Mode l l i n j  of 5~1 Zi~i ~ ~~~ - - 
~ ‘

in Solids,” ~‘-o nt ~’r.~~ Phyo. , Vol. 14, Nc. 1, pp 25—48, 1974.
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such as the  th resho ld  energy for  d i s p lacements .  The h i g h l y  anisot ropic
s t r u c t u r e  of s i l ic o n , th e n eed to s i mu l a t e  several neutron reactions at
severa l  energ ies , 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
potentiall y 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
stort of this report . Some specific applications are : (a) to compare
w ith experiment s (as to confirm results); (b) to evaluate experiments
(fo r example , to determine the energy range and the effective average
ener gy for damage experiments using an accelerator); Cc) to normalize
si~’ulator and threat spectra for evaluating simulator experiments; Cd)
to evaluate threat spectra in scenarios (for vulnerability analysis , vul-
nerability ‘reduction , etc.); (e) to provide a base for evaluation of the
s e n s i t i v i t y  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-
t ions for calculating neutron-energy equivalence , see Reference 8). The
calculations presen ted here were in par t precipitated by a need to eva]u-
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
i nduced displacement damage in silicon , using our own selection of cross

section data from current literature , have been presented .
2’3 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 . rn the following paragraphs the

C. Messenger , “Disp lacement Damage in Silicon and Germanium Transis-
~ors,” IEEE Trans. Nu(-’l. Sci., Vol. NS-12, No. 2, pp 53- 74, Apri l
1.1 6 .~~.
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program used for the preliminary calculations will be described and then
the changes will he discussed . The program presently in use is  included
is an appendix.

A computer program was prepared that would accept coefficients for
a Legendre pol ynomina l 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
ang le 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 strai ghtforward 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 Schiott ’9 (LSS) hav e
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.2° This approximation ,
an empirical fit to the LSS nuclear energy loss , is given by

1/2
- C

dp 
- 

2nucl 0,67 + 2 .07e  + 0.03c

where c and ~ are the dimensionless parameters defined by LSS as ,

a A 2 41r a
2 N A

1 
A2

2 E , p .- ——— 
2 

X (2)
Z 1Z 2 e (A 1 + A 2 ) (A 1 + A

2)

in terms of par t ic le  energy , E and displacement , X.  Here ,

J.1J, LinJ~v~r!, M. Soh.zrff, and ThE. Schiott, “Range ~~ c’cj to wiJ iJ~Ion I -1nOo o , ” t ;.~~~~ Danoke Videnekeb Seiskab, Mat. J-~yo, M (5., ~~~~~~
‘J~- . 24, (P 2— 4~ , 19 63.

- M . K . i~~, N.  Benczer —Ko I ler , C. C. Seaman, and J .  . Macp onaPi , “E ,o-
t rori agentic Cran ~; !o it ion  1 a tes in 58 Ni , ” ~~~~~ Rev., ~

‘ - ! .  !~~ , pp
977, 1969. -
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2 1, A
1 = charge and mass of projectile

A , = charge and mass of stopp ing medium

N = number of stopp ing atoms per uni t volume

a = 0 .8853 a / ( 2 1
2”3 

+ Z
2
2
~
’3
)~~

’2

a = the Bohr radius , 0.529 x l0 8 cm

e = the electronic charge

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

= k c ~~
’2 (3)dç

elec

where the constant of proportionality as given by LSS is ,

zV6 o.0793)(Z
1 Z2)~~

2 (A
1 

+ A
2)~

”2
k _ 

2/3 ., 2/3 3/4 3/2 1/2 (4)
+ 

~ 
) A

1 A2

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

dc _ d~ ~~dcdp dp dp (5)
tot nucl elec

These formulae for energy loss must be combined and integrated to find
the nuclear-stopp ing fraction . If we denote by CR the value of the di-
mensionless energy parameter r for a given recoil energy E , and denote by
i some smaller (subsequent in the scattering sequence) value of the para-
meter , the fraction of energy going into nuclear scattering is given by,

dc

1 
6R dp ‘mud

F = 
- 

~ 
f dc dc (6)

R c dp tot

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

C
1 1 R di:

1~ - 2‘ R - )  1 + u.67k + 2.O7kc + 0.O3kE
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If we let A = 1 + 0.67 k

B = 2.07 k

C = 0.03 k

C
R dThen , F = c) ‘C 2 (8)

Bc + Cc

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

F —  1 i l ~~ 2 C c + B - D l  R
- 

( C
R

- 
~ 15 

n 2Cc +  B + D J

where D = (B 2 
- 4AC ) ’”2

If we designate the argument of the £n term in Equation (9) as Arg
R for c = c~ , and Arg 0 for c = 0, then the fraction of energy for the

f u l l  range of the particle is

F - ---1—~ ~~~
Arg R (10)CR D Arg O

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-
l iminary 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 sing le 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.



The calc u latio ns of partial cross section , so l i d  ang le , and pri-
mars- recoil were done in the same way as the preliminary calculations ,
hut wi - t b 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 disp lacements was changed
substantiall y 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 reco i ls (in silicon) for use w ith (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 val ues of the Lindhard fraction calculated by Equation
(10) above , the values obtained with the technique just described , and
values tabulated by Mayer et al. 21 are given for a wide range of (sili-
con) prim ary reco i l energ ies , E , 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 Displacemen t Fractions
at Several Recoil Energies

E r (keV) E d (keV) a E d (keV) b Ed 
()~~~) c

1 0.91 0.79 0.83
3 2.7 2 .3 2 . 4

10 8.8 7.0 7.3

30 25. 19. 19.

100 68. 50. 51.

300 111 . 101. 100.

1000 240. 167. 170.

a. The energy going into displacement s, Ed, as calculated using
Equation (10).

b. Displacement energy as calculated for this report .
- 21c. Displacement energy as tabulated by Mayer et al.

21~~~ Mayer , L. Eriksson, and ,r .A.  Davies , “Ion [nip lantation in Semi-
conductors , ” p 68, Academic Press , NY, 1970.
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A comparison of the present results with the preliminary calcula-

tions 3 and with the calculations of others indicates genera l 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 2 = 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 I 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
multi p le 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,cz) reactions contribute
no more than 1 or 2% to the total damage and these contributions were not
included in the final calculations .

III. RESULTS

The genera l 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-
t ions 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 Me’,.
Tables IV and \-‘ are the 5 keV calculations for 8 to 12 and for 12 to 16
MeV , respectivel y. Tables VI and VII provide 25 keV interval averages for
0.1 to 16 MeV . Table V I II has 100 keV average values for the energy range
0.1 to 20. Me’,. By using a combination of these tables , an average equal
to one based on the complete set of 5 key results can be obtained rap idly.

To compare these results with the recent work by Rogers et al., a— ~
corrected ,’0 average damage values were calculated for appropriate parts
of the 22-group structure (the first 9 groups include energ ies 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

—~~~~~~~ -- -— - ,,.~ -=. , •~ -. - .• - -
-
-—- — — — -— — - — - - -



- o

C
C

-~~~~~~~

C

C —.

>
~~~~~
• 

4-.

>-o
x

-
~~~~~~~~~~~~

LU
0

zo
-

~~~~~~~~~~~~
I.-. o

Z

o 0 0 0
0 0 0 0

C -

(q .A e w )  3OVWVC

- —  - .- -
.

- -,. .- . .~~ ~~~ p-~~~.— - --— .- -



I

_ 0
(-‘4

C l  J i l l  -~~~~~~~

C J  / 1
C~~~C

( q - A •w )  a~ vwva

- — 
~
.__ _ - - . -.% .- -

-
--.- ..

--- 
- ~~~~~~~~~ 

._ -
~
.i-.-- - -

~~
.——-—. -- -—- --- - — - - —.. - - - -- 

____ .___ _i -- - _—------ - -



0
- 0

- - — ~~~~~~~~~~~~ 4~~~~~-~~~~~~0 ~~~o *~~~~— ~~~~~~~~~~~~~~~~ ~~ N L f ~ C P~~~ N C
— r, r J ’ ~p ir’ o~ t o  ~c~~- o ~~~~o’ o ’ G~~ -~~~ 0 ~~~~~~~~ C ’ \ J — —~~~~ N O — — N  ~~~~~~~~

— 0 00  0 0  0 0 0 00  0 3 — — —

N C f l j 4 • 0 . p 0 4  ,~~ 4 4 ~~~ m .,,~~C o N  ‘ ) P - a~~~ u~ ~~~~~~~~~~ •J ~~ 3 0 4
—~~~~~~il~ ,r, ,r~~~ ,- o  ,o ij~~~~P~~~ . 3 - O p -~~~~~ ,(‘ o’ -3 0- ’- ~~~~ ~0 0 0  0 0 0 3 — .  0 0 0 0

— 0 . . .
• 0’ C C r s ~~ a ? ~~ , — m ~~ 4 0 P .-0~~~ .~~ r%j ’~- 0 4  ~~~0~~’,J f\J ~~~ - C C 0 0 3  P . O L t N N  ~~~~~~~~~~~~~~~G- -.r ,r II ~ ~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~=~~~~‘~ f~J N e4 0 , p  C — N N~~ 0 — — N N  C U~~~~ 3 ’~.C 0 0 0 0 0 0 0  0 0 00

~r. . . . .
/

— l4~ 3 r%J~c ~. P . C4 ~~~’ 4 O Z~NO  4 — 0 - tN  N . 3 O — 1~ ~~ ‘ ‘~~a —  3 C ’ - L  C~~ - f — t
— ~~- J ~~J~~J~ ~~~~~~~~ ~~~~~~~~~~~~ . N C t l~~~4 O O — ~~— 3  C — ’ J ’ .~~~ 3 ’ J ~~~J 0 ’ . o .

- 0 0 0 0  0 0 0  C — 0 0 0 —
o

-

— ~~~~~~~~~~~~~ . - 0 L t~ r. ~p~~~~ P.. rSJ C 3 N O r. .~~~ 4 N . t -~~J —  ~~ .c. 3- ... o’ 0 i P O 3 o
~~~J ~~ f ~ tr~ ~- f ~r- r- -. P O O C  O C~ S P ~-~~~ 0~~~~~~ f’J 4 ~~— — 3 r -  0~~~~ — N r ~J 0 ’- C 0 ’~

- 0 0  0 0  0 00 0 —  0 0 0 0   

0 J~~~~~tf~ tt~~D’~’ ’~P0  O N O’  4~~~~~.P.- 0 J”- O ~ NP- 0 ~~~.O~~- — C  — r 0 0
-~~ L( J L (  ~~~~~~~ ~~~L ( C  ~~~~~~~~~~~~~~ P - — c r ’~~~ r ’~~~~~~,g- 

-~~ 
- 0 0 00  — 0  0 0 — 0 0 0 0 .  0 — 0~~~~~~

c c — i l  iP ,b 0~~0C  ,—. ... 3 r,j lp _m ( , J~~~~O il~ 0N 0 ’  ~~~00~~~- — N ~~~~ o C  ~~~~~~~ —~~~~~--
— .r ’r Jl ~~~~~~~~ ~~3~~~~3 ~~~~~~~~~~~~~~~~~ ~~~0 3 4  C 0~~~~ X- N — 0 C~~~ ~ S

- 0 0 0 0  — 0 0  0 0 00 0 0  0 — 0  N — 
- U,
- 0r .-—i t l  ~~~~-~~ - N  ~~~~ 3 C  e~~~ f~. O N  3 C~~P C  ~~~~~~~~~~~~~~~~ 

Q . r 0 p , .~~ LI- ~~c~~- - -
0 l p If ’ 1I’ C U , t ’~- 4 ., .~~~ -$ X , 0 O  .3 P. . - -S &I l C 0~~~~~— $  C~~’0 ~~~~ T l \ j — r~J —  ~~~~~~~~~~~~~0 0  0 0 — 0 0  0 0 0 0 0  0 0 — 0  N

—: 0
- -3

Z . r o — ,  —~~,c o~~~~ o ~~~~~~~~~~~~~~ 0 N C~~~~~~ 4 1 ~J ,cl ’C 3 0 , C C ‘~-~~~- r 4 O  ~- C C — ~~~— 0 lfi Irl .t~l — L f ~~-3~~-N  ~- C - 3 0 3  0 ’ 4~~~~- 3 - t  ~~~O 0 O 4  C I C 0~~- 3 C r%,r%J !‘-~~~~ 0 3
- - 0 0 0  0 0 0  -~~ — 0 0 00  0 0 N 0 N  0 

f1

-. C 0 — . 4 4~~—~~~ — P -  O r - C 4 —  3 P - 4 N  00’ N~~% J 4  o e L r l -’~ 3 4 = -0~~~l z~~~~ oj ~~~~— 0 ( L rLt f L ~~~ ? — 4 4 0 ~~~4~~..C’ 4 ~~~0 T C r . J  C C — P -- C  ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
0 C C 0 C 0 00  0 C 0 0 0 0 N C C — 0 00  

— C e  . 
- CU,-

Z ~J . . .. 4 4 C 0 r 4 0. - . 4 0 .Q ,0 C’ O C e - C C —  . O C 3 O~~ P,J L I I C P . - .- ~~~~~~~~~~~0 - C J ,P LI t O —  ~~~~U , 4 4 3  0 3  ~~L J C  P 0 C 0 C  C N O P . . — ~~~~~~~~~~~~~~~~~ .—~~~~~C~~~~~~ J
C 0 ~~ C C C C’ C’ C — C C C, 0 0 0 0 N C — C 0  

-3-
— C-~~ - — 4  4 Ifl -C LI ’~~~ P• ’. C L I N P P ~~~~~~~ ‘ 4 4 C 0  C N 4 N L  3 L t~~~~l J -  0 , t Lf ’ —

-~ 0 t l~~J~ , O J ~i C , ~~0 J ’ 1 U , Z ~~~’ 3~~~~ ’— —. S - 0~~~~ 3~~~ C N 0C ~~~ ‘j - C 4 — C
- 4 0 0 0 0  00  0 0 0 0 0 0 0  0 0  N — 0 —0  0 
- ,  ~~~e

-, C C . 4  S C C C 4  z~i l i — 4 N  P- ~~’. ’ N 3 U , 0 U , 3 -  P.- . 3 X  ~- -C~~~~ j-- ~— 0 -.C ,f, J•, .j, Jl cO- 0 a~~if, ,Q 0 O’ O- — ,— P- 4 1 — 0 3 0  C N aU ~~c~j — U i - 3 — i  —~~~ e — U ,
Z 0 0 0 0  0 0 0 0—  0 00 0 0  0 N 0  0 0  

— — t

‘ ‘ O ’ C N C N O , C C 0 4 4  C P ~~0 0 P  C 0 . O - ,C ‘— 4 I t i N C , O N -.N 0 4 N
0 - 3 &tl I(’ r’ , o — o  0 3  — . . 0 4 L r l  ~~~N 0 0 C N O 4 r , I  4- 5 C N~~~~~0 C\. 4
0 0 0 0 0 0 00 0 0  C — N 0 0 C 

0
-I

— 4 ’ ~~ -.C ~~~~~~~~~~~~~ C e 4 C ~~~ P . O N L r r — . 4 C C C  ~— m x ~~~~ j -, ~p i,- —’ o’ c ~~~~~~~~~~~~~
-~ o~~ -~~i- j- 

~~~~~~~~~~~~~ ~~~ C P - ~~~~ O’ l \ o~~~~— - C C C N C C  r— r\ c- r-~~~ N C C O r - , ‘\~~~~~r~~~ \.
00  0 0 0 0 0  0 0 C-C 0 0 — N 0 —  0 C 

LI
N

— 4 ~~ — C C 0 00  0 N O  1 1  N 0 4 C il 0 (I ~ 0 il C P.. 4 0 0 4  ~. — 4 C ~~ ~- C

— C - P - 1r 11 ‘ J , C ,C C, U . 3 0 C 0  —. P- -~~~~~O’ ,C 0 t P N 0O ~ C P % . — r ~-~~~ C 4 N C C  \ , .- r , C 3
C~~~~~C 0  0 0 0—  0 0 0 0  . . - C - C ,  0 0  

o . 
— N

— ~~~~~~~~~~~~~ ~ . C 0 O  3 0 N P .~~N C  P- O IP N O  3 U , U’ P\ O O 4 ~~~~~~ -~ C L P -C 4~~~~~ r-.. C-~~~O C t - It f . - 3 N —  0 0 0 —  3 , 0 0 0 3  ~~~‘0 0 0 3  4 f ’.J , - . C O  C 4 0r1j N~~~~ ( C N ~~~00  C 0 0 0 0  0 0 00  0 0 0
If . 

I l I O N C  ~~~N 0 6 . C  N N O N I I i  ~~~~~~~-0~~~ C . P O C C  . . P..- - C r . j  0 0 0U ,- .  ~~~— 0 ~~~~~—
0 0 I I ’ U, tf ’ iP IJ ~- C i P  G , 0 ’ O C  3~~~~ 0 P -  # ,3 0 3 L t ’ C N O  N U 1 — 0 N  N C O N C

— 0 0 0 0  0 0 0  0 0 0 0  0 0 0  O~~~~~~~~~~~O 
— 0 . . . . . 
— i tP ~~~N N  P - N O~~~L- 0  4 N 1 1 ’ N 3  — — O N O  ‘0 4 - 3 — 4  N C — 1 r 4 O CI J ’ 4 0’ C~~~~~~~~~ - I t

O 3 L I ’ i~~ I t L P I f ~~’0 3  3- — C N  0 ’ -,C G- O e 3 I f l 3 N 3  ~. C N N O  N 4 00 —  C C N N
0 9 — 3 0 0 0 — C 9 0 — 3 — 0 0 0 — C — 0 — 

LI .7~~ N 0 ’ ( ~~~ I t C C C G  — O 4 C C  O N P N 4  N 4 4 — 3  -~~ I 0 3 P  O r \ t P-
C O J U, 1~~U’” G - C ~~ 3 f - - 0 3  O i l i G C 3  3 C N N C  0 C O O~~~ N 3 3( ~~~

_
0 . 0 0 000 0 00 00  0 0 0 0  0—  

0

~~ 0 0 0- 0 0 0 0 0 0 0  0 0 0 0 0  0 0 00 0  0 0 0 0 0  0 0 0 0 0  O O C ’ O O  0 0 0 0 0
~ C C C  C C  C~~~~~0 C — C O C C C C  O C 0 0 0  C C C C C  0 0 0C C  C C C C C  C ~~~~~~~~~~~~— C  i, 0 C  C 4  LI ~~~ P — 1  3 0.— 1 - C 4  LI~~,0 P~~~ 3 C N C  4 L I P . -~~~~~~ 0 — N C 4 r t - P—~~~~~0 

~~ 7 0 0 0 0 0  0 0 00 0  N N N N N- N N N \- 1~. C C C C C C C C

2()

- . ~~~~~~~
- . .  

~~~~~~~~~



0
0
— C 0 J ’p~~~0 C l ~J 4 0 P  P. P.- C O. 0 4 4 3 0  3 U ’~ C0  (i~~N 0 3 N  r J ’ — L I~~~- N 0~~~~~f. N 4 N . J i  N P . E ,1i 41 ‘0 3 C N 4  .0~~~~.Ip C I P p. -~~$ i C  ~~~~~~~~~~~~~ C ’0 P.~~~~~ U,

I$~ .
0

S N P C O  N 0 0 0 4  lfl Ll l If~~CP ’ ~ .. 4 C 3  f % J O O C O  Pl 0 e%I % 1 4 4 N~~~~ C 3-
-. 4NI t l  N004111  , 0 , O I~~ N 4  I’, 0 P . - I,, 4 4 4 T L I I P~ —~~~~‘0 U l Il~ 4 , 0 P. -3 ,0 C~~~~~ -~~~-~-

o .
3

N I t r., N  O C C — 0  3 C 4C 4  N~~. C ’ 0 0  I t 4 4 0  N L I O C N  C C C N
4 0 (f ~~N - I~~ N ’0 O i l lItI ‘0 ’0~~~~~N 4  Ij I P.. P.. Ig ’ 4 4 4 0 I lI~~ — P - ’0 Il Ir 4 ’0~~~~ -C ’0  . C - -~-

i/i .
— C

... Lfl $~~fl ( % J O C C ,0 C N & 1 N C N O P . .  34 0 i $ iC N C 0 3 N  0 N , 0 4  ~~~~~~~~~~~~~~~N 0 I1’ N ,l f’J - O O L I ’4 , 0 , 0 C N4  1~~P~~~~~~ 04  4 C IIi C - .P-- J ~~J l P 0 ~~~~ .3- C t) ’- ’Z ’

0 . . . . .
C

— ‘ 0 0 3 3 L I~ 4 0 N , 0~~~ 3 4 ’ 0  0 .. .C’0 N C , 0 N  C N O I t P L J  C O O ’ 0 , C  C t
- N 3 L f N Lfl N L S ~~~~ ,0 4  , 0 C N~~~ ‘p ,0 p . ., 0 4  Ll~~*3 i1P ’~~ ~~~P~~,0 itl LIl i l i , 0~~~~, 0 , 0  

— 
Li’ ~ • • 4  • 4 .  • 4  • • • 

N O N 4~~~ 4 0 0 C 4  0 3 00 0  . I l 0~~~~4 is~~NC ,0*  4 0 0 J 1 N ‘ 0 0 3 3 ’ —  3 4 4 0 ?
C C , Ø C I t  NLt —~~~ 4 3- - C C N C  IP’0~~~ ’ 0 4  Lf1 4 0’ P,IC — P ~- ’0 i,P It It I t - C’C C J ’ - -~~~~~ °-

N 
— C

P..
# lt’I l l O O  I1~~3 0 ’ 0  4 40 0 4  N 0 3 0’~~ C P % 1 4 1 l -’0 ‘ 0 3 — t N  0 4 0 P - 3 ~~~~~~~~~~~~

- C 0 04 , J l  N J~~0~~~~4 P~~~~- 3 - N  Lfl ltl 0 P. 4 L S ’ 4 3 . j I C , 0 C I t U ,  i f l it - ,0 -C .J ’ — ’-- j
PU —  - 

‘0
> ‘ 0 0 U I U , 0  0 N— e ~~~. P 0 I l ~~0 N C P — N N  — . r C 3  0~~~~ — 4 —  O O N , C 0  ~ . — . J  ~~~~i.J 4 0 , 04 4  N ’ 0 0 0 4  4~~~~4 IP lfl - 3 P - 4  . 0 4 3 1 P C — ‘ 0 , 0 I PII~l ‘ 0 I P ’ 0 C P ’ -  If~~~~~~~~~~~ 3- — —  

C’ Z N3I1’I 3 0  4 1 4 10 , 0 0  ...~~l P J C f ’ J  3~~~ C 4 3 C N O I P O N O  — U I .—  ~~~o $ t - N- — — 1 10 , 0 4 4  C - , 0 0 P~.4  4 0 f—  4 4 ’ 0 r —4 ‘ 0 m 3 l J If N , 0 , 0 i f 1if1 ‘ 0 f’ 0 ’ 0 ’ .  ~~~~~~~~~~~~N 
it • ..  • 111141

,ai 0 0 4 N 0  — . 0 3 3 0  ~~~‘0 ’~I — ~~0 P P. 0 4 3  l f l i t — 3 -i1l N 0 ?~ ~ i 0 - 3 O ~~~3 4 *
— L I I . ’ 0 L 1 14 4 ’ 0 3 ’ 0 4  C 0 4 O 4 4, C P.. C 0 C 34 4  N - 3-3 fJ’ 4 , C 4 C C P -  I f CC ’ Z
a

o CO • • • • 
- CLII
-= Z 0 0 4 0’ 000’- —. ,0 ‘ 0 ’ 0 N N’ 0  1 ( 1 , 0 0 C C  P’- — . 0 0 0  C P - 3 0 , 0  N - 3P.- —. 0 ~~~~~~~~~~~• 3 C — ’ 0 rt 4  IIl P . .0 ,C 4 C 0 4 0 4 4 P. ~~~~C , C C - 4 4  C’- 4 I f 1 S~ L P 4  , O I C ’ 0 - P . -  1

C
Cs ’

-~~ 4
3 N 0 3 3  P - — 0 4 4  C C N I( I P.. 4 C C— C  P P — P — P — C  L P N 3 C N  — — P ~~ 3 C  ‘-.~~~~~ J~~~~~~4

..J Lfl —. - 3 4 4  .(1 r..- 0 t 4  C 0 4 0 3 -4 P . .~~~~~1 ‘ O N C 4 L I I  ‘14 J1 11143 C 3~~~~~C’ r~~~
S

~~ r
- C

— > 0  • • . 
a .
..J 0 4 1 1 1 1  C — — - 3  N G C O O  i t — - 3 0 P -  P - 4 C P - N  P - P - U - N O  - . C N’0 3  3 J ’ C J ’— 1 1 1 P 4 4  ,0N~~~ it 4  3 - P - 4 N  4 i t P - P.C ‘0 ( 1 1 0 4 1 4 1  N 4 I r 1 I 3-  , 0 N ,0 N’ 0o z — 

0,C — I t  .
C

0 N I’I G ’ C N C  ,0 4 14’I ’ 0 C  ,0 lI103P- ‘ O N O # C  3 - N O P -# 0 1 1 1 0 , 0 0  ‘- C ’ 0 7 t
I1’ N 0 4 4  ‘0,0,0111111 4~~~~4 N • I J 1 0 , 0 1 1  , 0 N 0 4 1 1 1  N 4 - 3 4 C  ,0 C ¼ i’ 0 N ’ 0  t C N C X

— S S 4~~~~~~ t

C C P - P — C N  ‘ 0 , 0 3 - J li4~ 0 ’ O O C P — .  P - P - 4 0 P -  4 N P J 1 0 4  e o r ’, io o  3 4 , 0 - CC !~~~~~C~~o 4 N C P ’ 4 ‘0 ’0 I t I 1 1.3 4 P - I 1 1C 41110.C C , 0 N P — LP U’I C C’ 0 C i t N ’ 0 P —C L P C - C I
I. . S S S ~ • S I S • S

• P~~ P - OP - I t  • 0 0 0  C P - 4 3 3-  0 ’ 0 - 0 3- 0  -. 4 - . C 4  - . C 40 3  0 4 1 ( 1 4 1(1 N i t 3 C C
z C N O’ C 4  ‘0 , 0 I I” ’0 P -  It~~~~I11~~~ 4 L(I 0~~~~~ .~~ fP.JP- IJ’I ItI P L C , 0 I PC I tN .C~~~~’0

o S • ‘ ‘ ‘  * • S S • *  . 
0 N
— N 4 0 0’ ’0 . it ... l11 £ 1 41 3 N  0 C 0 3 C ’ 0 P - P - C  3 P * - C O  P - U~~I J 1 C 4  N 4 0 3 L I

- —  C N C C 4  ,0 l f 1 , 0’0 P  r - 31114N 1(1 lfI~~~~~~ I’~ IfI N 11111 CN’0 111 4 I t N’0~~~~’0—
— LI ~ I • • I S S I • I• •  S S I •~~~~~~ • • S ~

3 0 3 - a C  0 0 - 3 P- O C C C P % 4  - . 03 - N-—  •3N. - .r.1 N 4 O I I IC I l NU1 N 4  C S O O C
P . J r . J P - 4 4  I1~~4 - 3 P - ’ 0  . C , 0 -’ 0 4 N  I11 I I I C P - 4 I1~~N - 0 , 0 U 1  C N P- U ’ l 4 I 1 1 N’ 0 P - C  U , C 0 P~-

0 4 S I

O P - I 1 1 N O  4 0 — ’ 0 —  (1J —. ’O N P . J  ~ .P -3 C C  O N C’ 0 P J  (1J C P - I f l  C O I l — i t  O C O — L I
N .’ 0 4 C  1 1 1 4 P - P -’0 ,0 0 ’0 4 N  U 1 4 0 P- 4  I’IWI ’0 lfl C N P - 1 1 1 4  I t C C P , 0  IP U I Z N~~~

It
- . . 4 N 4 P , j  N C C O 4  0 0 ’ I - O C  . L ’ P - 4 C  0 1 ( 1 4 — N  ~~~P.- l t a N  I~ t i p~~~ r a — — — -C
-~ C — 4 4 C  IfICP.- C IfI ‘0 1( ’3 4 N  1 1 1 4 0 P - 3  III C IJI P- IP C — P — ISI S , P C’ 0 P —  It~~~~~~~~~ - 3 -

0
— 7

0 3~ 0 0 0 00  0 0 00 0  0 0 0 00  0 0 0 0 0  0 0 0 00  0 0 0 0 0  0 0 00 0  0 00 0 0
C 1 > 0 0 0 0 C C, 0 0 0 0 C 0 0  0 C C C 0 0 0 0 0 0 00  0 0 C C C C’ C C C 0 C’ C 0 C C
S C L . ~ 0~~~I P,1 C 4  1(1 -3 1 - 0 3  0 —. N CS  Lfi -3 P~. 0 3-  0 P U P 1 4 i ( 1 3 1 - 0 3-  0 — N 4 I t C P ~-~~~~~~O lej i
, jZ  4 4 4 4 4  4 4 4 4 4  I11It Il1 L(1 L(1 I1I It IfI I1I %1~ ‘0 ’ 0 ’ 0 ’ 0 ’ C  ‘0 ’0 ’0 - S ’’0 1 - 1 - P -P- N P N l’ - . P ,

21

- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . -..- .~~~ .. “~~, ~~
_ _ ‘C

_ _ _  --



C’
0
— ~~~~~~~~~~~~~~~~ 3- ( N — C  N N — L I N  N 3 0~~~~ C 3 0 0 04  1 3 -  t ’ — N ~~~ 3- C N N  ~~~~~~~~~~~~~ I

4 I t I f 1- 3  -L C LI’ ’-- N ‘0111-3 1- 1- , C L I 1 -N C~ N , 0 1 - 1 - 9  1- 1 - 1 -  3 3 - 1 - 3 - 3 -  a 3 - 3 -

— - ‘1’ .
0 4 3 3 C N N O 4  0 N 0 3 1 % J  (1543- N - 3 - 0 1 1 1 0 4  0 0- 4 1 - C  o X - - 4 N —  C NC  3-

- I 4 1(1 it N ‘0 ‘0,0111 1- P.. 9 111 ,0 1- P.. ‘0 -3 -3 1- N N 1- 1- P.~ ‘0 3 C e-  1- N 1- 3 1 -  0 0 3- 3- 0 3- 3-

0 4
U-

3- 0 — U- U ,  P . C U C N  C C 0  4 0 1 1 — 4  a a I fP - C C l  L I N —  — —
-S ill lI~ 

P.. ‘0 3 1.. ‘0it Ill 1- 1- 3 , 0 1 -  N P. 1- 1.. 1- , 0  ‘0 ‘01.. 1- N  1.. 3 1 -  0 3- 3- 3- 3- 3- 3-

It I
C

3 C J — . 3- 3 - 3 3 -  ~f1 O C T  N - N  4 C 3- N 4 0 L I  4 3 - 3 -  I11 ’- C C T  C N C  C ‘S ” —~~~3 , 0 1 1 0 1 -  P . - 1 1 1 11 - ’  ‘ 0 0 31 - N  1 - N P . . 3 O C N 1 - 1 -  1 - 0 1 - 3 - 3-  3 - 3 - 3 - I t
LI 

~ 
- -

~~~~
- 

~~~~~ - - - - ~~~~~ 
- - - - -

3-
0f 0 0 3  0 0 0 C .i’ — 4 1 - 0  L I I ’, j3 N- 3 4 N - 3  3-. 1 - J ’ NC  0 3 - L 1 1 N C  i NC  — I
LI 11 -3 N ‘0 3 1 -  111 31.. 1- it it 1- 1.. 0 3  9 1 -  1- ~. 1- 1- 1- ‘0 ‘0 3 1 - 1 - 1 -  1 - 3 1 -  3- 3- 3- 3- 3- 3- 3-

1(1

r’-J J l C OO  ‘ r e C O il  N 1 1 1 1 3  t N U- N- 4 4 ’ 4  1- 1 - 41 -4  O O 1 1 N 7  t ’  S
L I 1 1 0 1 - C  £ 1 - J C 1 -  1 - 1 1 ( 1 ,1 1- ( C L I P -N 1 - 1 - 1 -N.( C I f N’ - N 1 - 3 - 1 - 3 - 1 -  3 - 3 - 3 - 3 - 3 -

C

J ’ . 0 3 3-.-. 0 J1 4 N 3 1 1 3 -  C 0 — N -  111 C C4  1 - 1 - 4 1 - 4  0 3 - L t I N U -  3 - N ’
J l L I C e’ - C ‘0 1-1 ( 1 -  1 - J U , L I 1 -  3 0 C C - - 1 - 1- 1 - 1 - 3  L C 1 - ’ N  1 - 3 1 - 3- N  3 - 3 - 3 - C L  

‘0
> 411 3 U -  3- 3 3 4  P . 1- i t o. . .  P - 0 3 -. - .l%j I f 6 J C $4  N 1 -C 3 -  3- 0 0 4 N 0  N P .
I4~ LP L r C ’ 0 C  0 1 - 4 ( 1 -  N L I L P C 1 -  ‘ 0 3 - 3 - 1 - 1 -  1- 1- 1 - 1 - 3  C C N1 - 1 -  1- 31 -3 -P . .  3 - 0 3 - 3 - 3 -  

— 0
‘02 O J N 1 - U  3 — 0 C 4  -S 3 - - 4 2  000 N- 4 N ’ ’ I11 4 ,01- 0 4  3 - $ 3  f~~~~N~~~~~— J 1 U , 3’ 0 9  ‘ 0 1 - 4 9 1 -  1 - 1 1 0 91 -  3 3 9 1 - 1 -  1 - 1 - 1 - 1 - 9  ‘ 0 31 -1 - P .  N ’ 0 N 01 . -  0 0 0 3- 3 -

~ ...~~~
- - - -  — -

~~~~~ 
It ”.
.~~ 0 3 1 0 >  3~~~~~ 0 I’J 4 J l > 4 9  ~~~3 0 — P .j  4 115C111 111 3 0 , T ,Lrl — 0 4 — 0  1 1 N N  3-
— L IJ ’ C C 3  C N 4 . C 1- 1- L(’ L I C N  C U ’ c 1 - 1 -  N 1 - 1- N, (  ( - C ”- ’— N  1 - 3 - 1 - 3 -P . -  3 - 3 - 3 - 3 - 3 -
C
C e

— C i t
2 0 3C 4 0 ’  3- . — O — C  L j 1 0 4 0’ N 3 3 1 - — —  4 1 1j C ’ 0 i t  O C r s  .1- — 3 - C— U -  t N N

— LI- tI C 3 -I C  ‘ 0 1 - I t L IN  1- 3 - 1 1 31 -  3 I t, C P.- P.-- 1 - 1 -1 - 1 - 3  ‘ C C 1 - P . — r-- 1 - 3- 1 - 3 - 1 -  3 - 3 - 3 - 3 - 3 -
—

4
C C N U -  3 . 0 - . C -  ~~~~~~~~~~~~~~~~ 2 3 - 1 - . 4 N N 1 - I / ’  ‘ 0 3 - N - C U ,  ... Z~~C C C  ~~~~~~~~~~~~~~~.j 3 / 1 0 0 3  C N 1 1 O  ~.0 1 1 31 -  3 1 1 3  1 - 1 - 1 - 1 - 3  0 3 ’ -. ’ — 0~~~ 3-~~3- 3 - 3 - 3 -  r 3-C

— > 0
3 4
u- N C N~~~~ ’ C C 0 C  N N C > N  0 0 1 -0  4 C t j 1 - 3  1 1 0 — 3- f  . 3 - N  3 - C  C
C. 9 I f I 9  3 3  N P.. 151 3 1-  N ‘0 111,0 1- 1- 1 4 1 9 1 -  1- 1- 1- 1- 1- 9 9 , 01 -  N P.. 1.. 9 1 -  3- 3- 3- 3-) 3- 3- 3-

— i t
C

C N — 0  0 03  C 0 C 1- C C U -  C 00 1 -  e — 4 C N P.- 3 Ill 0 1.. 3 — C N U- C C N N
9 i t 9’ 0 3  1 - 3 1 1 1 1 1 -  1 - 3 1 4 1 3 1 -  1-1(1,0 1 - 1 -  1- 1 - 1 -1 - 3  9 3 1 - 1 - 1 -  1 - 3 1 -1 - 3-  3 - 3 - 3 - 3 - 3 -

— C
C

— Il N 3 0  0 3 - 1 3 - N -  1 - 3 - 3j 0 3 -  0 3- 1 - 0  4 C N P . — O J 1 3-~~~~~ P.— 3-I P.)J 3 - 0 0  1 N N
‘ 0 1 -C I t C  1 - C t I - I f 1 -  1 - 0 ) 1-O N 1- ( j ’ 1 3 P ’- 1 -  1 - 1 - 1 -N C  ‘ 0 0 1 - 1 .-N 1 - 3 1 - 1 - 3-  3 - 3 - 3 - 3 - 3 -

If
N

03 -0  001- 1- N 1- 3 N P .  It 0 9 0  C C P .  P. 111 0 0 1 - 3- )  N- If N N C —
(11 311 1- 1 - 0 1 1 1 1 1 -  1 - 0 1 1 3 1 -  1- 1( 1 , 0 1 - 1 -  1 - 1 - 1 - 1 - 3 -)  ,C 3 1 - 1 - 1 -  1-~~ (N 1 -3- 3 - 3 - 3 - 3 -

0 ~~~~~~ 
- - - - -  - - - - -  

~~~~~~~~~~~~~~~~~ .- - - -  - - - - -
N

3 - 0 0 3 - 0  0 3 - U - C -N- 1 - i t I I J C 3  — 0 ’ 0 O  C C 1-1- 4 3- 0 1 - 3  N 0 0 3-  S N NP .
‘0 i t i t I t N  1 - 9 1 5 1111 1- 1 - 3 1 1, 0 1-  1 - 1 1 9 1 -1 -  1- 1- 1-1 - 3  9 , 0 1- 1 - N  1 - 9 1 -1 - a .  3 - 3 - 3 - 3 - 3 -

— it

0 0 0 0 —  O C i t N  1 - 9 P . , j i t , 0  N 0 90 C 4 0 1- 0  4 0 3 1 -N  N 3 0 0  C N N- C C
C Cr Ill LI N N 3 ‘0 11 1- 1- 9 1(1 3 1- 1- i t -C  P.. 1- 1- P. N 1- ‘0 9 9  .3 1 - 1-  1.. 3 1- 1- 3-. 3- 3- 3- 3- 3-

O

— . - 0 1- 3 -  Q 3 - N- 4  1 - C N - 4 3  N 0 3 0—  1 . 1401-C  4 0 3 3- 1 -  N - U - U -p -N C N NC C
— N i ti t I tN 1 - 3 - 9 I t P .  1 - Ci t - OP. P . 9 9 P ’- P .  1 - 1 - 1 - 1 - 9  3 , 0 , 0 1- 1 -  1 - 9 3 1- 3 -  0 3 - 3 - 3 - 1

— LI
C 3 -  3 C  C N N - C C  N~~~~~ t f - 0~~~~ C 4 3 3 0  - 3 3 3 3- 1 -  N - U - U - P - N

1- 3 1 11 11 -  1 - 3 3 - 1 1 1 -  N C L P ,C 1- 1 - 0 3 1 - 1 -  P . N C 1- , C  0 3 3- 1 -N  1 - 3 31 - 3-  3 - 3 - 3 - 3 - 3 -

C

1. 0 0 0 00 000 0 0 0 0  0 C 0 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 00  00  0 ~~ 0 0 C
3- C C C 3 3- 0 0 3 3- 0 C C’ C C C, C C 0 0 C C C 0 0 0 0 0 C C’ 0 0 C C C C C C CC 0~~~ 0 N P .4 l t C N Z U-  0 N - C 4  1 1 0 1 - 3 - U -  0 N C 4  i t 3 1- C U -  O — . \ C 4  1 ( 1 3 - 1 - 1- 3- 

. 7  3- 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 0  3 3 U- 1 . 3  3 3 3 - 3 3  0 00 0 0  000 0  
Z i.j

) 1

- .. -.. -. — . — . - • 
- - ‘ • - - - - — -.  — — - —



0
0
— 3 f f f3 9 1 - 1 - 1 - 3-  3 - 3 -3 - 3 - 3 -  3 - 0 0 3 - 0  1 - 1 - N 1 - 3  N 1- 1 - 1 - 1-  1 - 1 - 1 - 1 -1 - 1 -’~~~1- 1 -

0 0 3 -  3- 3-1 3- 3- 3- 0 0  3- 3- 3- 0 00 0  0 0 0 0 0  0 0 3- 3- 0 3- 0 0  3- 3- 3- 3- 3- 3- 3-

4(1 .
U-

4151 1P 1t1 ,0 4 1 - 1 - 1 - 0  0 0 0 0 0  3 - 3 - 3 -0 3 -  1 - 1 - 1 - 1 - 4  , 1 - N 1 -
0 0 0 0 0  0 0 0 0 0  0 0 0 3- 0  3 - 3 - 3 - 0 3 -  0 0 0 0 0  0 0 0 0 0  3 - 0 0 0 3-  3 - 3 - 3 - 3 - 3 -

0 .
U-

3) 1 I I J .C ‘0 3 1 - 1- 0  3 - 0 3 - 3 - 3 -  3 - 3 - 3 - 0 0  3 - 1 - 1 - 1 - 3  3 1 - 1 - 1 - 1 -  1 - 1 - 1 - 1 - 1 -
0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 3- 3 - 3 -0  0 3 - 3 -3 - 3 -

1- 
~fl • • S I S . ..

— C
4 0 1 1 1 1 19  0 9 1 - 1 - 0  0 0 0 0 0  0 0 0 00  0 1 - 1 - 1 - 9  0 1 - 1 - P - N  1 - 1 - 1 - 1- 1 -~~~~~~~~P.~~~~~ 1 - 1 -
0 0 0 0 0  0 0 0 0 0  3 0 3 0 0  0 3 0 0 0  0 0 0 0 0  3 0 0 0 0  0 3 - 0 0 0  3 - 0 3 - 3 - 3 -

0
C

4 4 1 1 1 1 0  9 9 1 - N 3-  3 - 3 - 3 - 0 0  0 0 3- 3 - 0  3 - 1 - 1 - 1 - 9  9P . 1-N 1 -  1 - 1 - 1 - 1 - 1 -1 - 1 - 1- 1 -1 -
0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 3-  0 0 0 3- 3 -

141 • I S  • • •  
11 4 41 1 1 1 0  0 0 1- 1 - 0  0 0 0 0 0  0 0 0 0 0  0 1 - 1 - 1- 9  ‘0 1 -1 - 1 - 1 -  1 - 1 - 1 - 1 - 1 -  1 -1 - 1 - 1- 1 -

— 3 - 3 - 3 - 3 - 0  3 - 3 - 3 - 3 - 3 -  0 33 - 3 - 0  0 0 0 3 - 0  0 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -

0

4 4 i t i t0 0 , 0 1 -P . C  3 - 3 - 0 0 0  3 - 0 3 - 0 0  0 1 - 1 - 1 - 0  0 P .N 1 -- 1 -  1 - 1- 1 - 1 - 1 -  P . - . 1- 1-
-~ 3 - 3 - 0 0 0  3 - 0 3 - 3 - 3 -  0 0 0 3- 0  0 00 0 0  0 00 0 0  0 0 0 3- 3 -  3 - 3 - 3 - 0 3 -  3- 3 - 3 - 3 - 3 -
C .11 I I I  I • 5 5

— It
> 4 4 1 1 ) 1 9  ‘ 0 9 1 -1 -0  0 0 0 0 0  0 0 0 0 0  C P . 1 - 1- -,0 0 1 - 1 - 1 -  1- 1 - N 1-~~~.1-  1 - 1 -N 1-  1-

— t.. 0 0 0 0 0  0 3- 0 0 0  0 00 0 0  0 0 0 0 0  0 00 00  3 - 0 0 0 0  3 - 3 - 3 - 3 - 0  3 - 0 3 - 3 - 0
0 

~~~:~:-: - - : - -  - - ... . - -: - -  - - -: ‘ : . ~~~:-:-: ~~~~~
:-

~~
-:

.3- 9
3- 4 41 1 1 1 9  9 0 1 - 1 - 3-  0 0 0 0 0  3 - 0 3 - 3 - 0  0 P . P . P . 0  9 1 - 1 - 1 - 1 -  N 1 - 1 - P ..1- 1 - 1 - 1 - 1 -1 -
— 3 - 0 0 0 0  0 3- 0 0 0  0 0 0 3 - 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 3-  3 - 3 - 0 0 3 -  

_. .. ~ 4 4 1 1 1 1 3  3 0N 1- 0  0 0 0 0 0  0 0 0 0 0  C N P . 1 - 0  9 1 -1 - 1 -N  1 - 1- 1 - 1 -  1 - 1- 1 - 1 - 1 -
— — 3 - 3 - 3 - 3 - 3 -  0 3 - 3 - 3 - 0  0 0 3 - 0 3 -  0 3- 0 0 0  3 - 3 - 0 3 - 3 -  3 - 0 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -— C
— 4 0

2 4 4 1 1 1 1 4  3 9 1 - N P .  0 0 0 00  0 0 0 0 3-  0 1 - 1 - 1- 9  0 1 -1 - 1 - 1 -  N 1 -N~~~- 1 -  1 - 1 - 1 - 1- N
3 - 3 - 3 - 3 - 0  3 - 0 0 3 - 0  3 - 0 3 - 0 0  0 0 0 0 0  0 0 0 0 0  0 3 - 3- 0 0  3 - 0 3 - 3 - 3 -  0 3 - 3 - 3 -  3-

I i ’
- -1

4 4 ) 1 1 1 3  , 0 4P . - 1-1-  0 0 00 0  0 0 0 0 0  0 1 -1 - 1 - P .  91- 1- 1 -P . .  N 1 - P .~~1- 1- 1 - 1 - P . 1- P .

— 3 - 0 3 - 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 9 0  3 0 0 0 3-  3 - 3 - 3 - 3 - 3 -  3 - 3 - 0 3 - 3 -
4
> 0
1 4

-~~ — 4 3 f I J ’ 3 3 3 1 - 1 - 1 -  0 0 3 3 0  3 - 0 3 - 0 0  3 - 1 - P . .P . N  0 1 - 1 - 1 - 1 -  1 - 1 - N  1- 1- 1 - 1 - 1 - 1 - P . -
— 0 0 0 0 3 -  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  00 0 00  0 0 00 0  0 0 0 0 0  0 0 3- 0 3 -
2

- — s  S • •  S S S S 5 5

4 4 1 1 1 10  9 91 -N P .  0 0 0 0 0  0 0 0 0 0  0 N P .1 - 1 -  0 1 - 1 - 1 - N  1 - 1 - 1 - 1 - 1 -  1 - 1 - 1 - 1 - 1-
— 3 - 0 0 3- 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 3- 0  0 - 3- 0 3 - 0

0
1.1. C

4 4 5 J1 )1 3 9 1 - 1 -N  0 0 3 0 0  3 00 0 0  3 - 1 - 1 - 1 - 1 -  3 1 - 1 - 1 -5 - N P . .- 1 - 1 - . . . . 1 - . . -...-
E 3 - 3 - 3 - 3 - 3 -  3 - 0 3 - 3 - 0  3 - 3 - 3 - 3 - 0  0 3 - 0 3 - 3 -  3 - 3 - 0 3 - 3 -  3 - 0 3 - 3 - 3 -  3 - 3- 3 - 3- 3 -  3 - 3 - 3 - 3 - 3 -  

— N-
4 4 1 1’ i t l I)  9 9 1 - 1 - 1 -  0 3 - 0 0 0  0 0 0 0 0  0 1 - 1 - 1 - P .  9 1 - 1 -1 - 1 -  P .1 - 1- 1 -N  1 - 1- 1 - 1 -N
3 - 3 - 3 - 3 - 3 -  0 3 - 0 3 - 3 -  3 - 3 - 3 - 3 - 0  0 0 3- 0 0  0 3- 0 3 - 0  0 3 - 3 - 3 - 3 -  0 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -

0 S
N

-S 4 1 1 C r  1’. 9 , 0 1 - 1 - 1 -  0 3- 3 - 0 0  0 3 - 3 - 0 0  0 1 -1 -1 - 1 -  0 1 -1 - 1 - 1 -  1 - 1 - 1 - 1 - 1 -  1 - P . — P . -P.-- 1 -
3 - 0 0 0 0  0 0 0 0 0  0 0 0 3- 0  0 0 0 0 0  0 0 0 0 0  0 0 3- 0 0  0 0 0 0 0  0 0 0 3- 3 -

LI • • . • •  • I . .•  • • • • •  ~~ • • • •  • • • • •  “ “•  “ •“
0 3 4 4 5 1 ) 1 1 1  9 0 1-1-P .  3 - 0 3- 3 - 0  3 - 0 3 - 0 3 -  0 1 - 1 - 1 - 1 -  0 1 -1 - 1 - 1 -  1 - 1 - 1 - 1 - 1 -  1 -N 1 - N 1 -
— 3 - 3 - 3 - 3 - 0  3 - 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 3 - 0  3 - 0 0 3- 0  0 0 3- 0 3-

0

4 3 ~ it It ‘0 91- 1- P. 0 3-  3- 0 3- 3- 0 0 0  0 0 1- 1 - 1 -  1- 91- 1- 1- 1- 1-1-  1- 1- 1.- N N 1- 1- P.-
3 - 0 3 - 0 3 -  3 - 0 0 0 0  0 0 3 -0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 3-  0 3- 00 3-  3 - 3 - 3 - 0 3 -  

1’.
3 3 4 1 1 1 1 1  ‘ 0 3 - 1 - 1 - 1 -  3 - 0 3- 3 - 0  0 0 0 3- 0  3 - 1- 1- 1 -1-  3 - 1 -1 - N e -  1 - 1 - 1- 1 - 1 -1 - 1 - 1 - 1 - 1 -

3 - 3 - 3 - 3 - 3 -  3 - 3 - 0 3 - 0  3 - 3 - 3 - 3 - 3 -  0 0 3 - 3 - 0  3 - 3 - 0 3 - 0  0 0 0 0 3-  3 - 3 - 0 0 3 -  3- 3 - 3 - 3 -  3-

0
3-

— 0~~~ 0 0 0 0 0  00000 00000 00000 00000 00000 00000 0 000 0
U > C C C 0 0 0 C C 0 0 0 0 0 0 © 0 C 0 0 0 0 0 0 0  C C 0 0 0 C 0 0 0 C C’ C C C c
3 - - Uv~ 0 5%5C4 1 3 1 - 3- 3  O — N C 4  I1~~’ 0 1 - C 3  0 N -C 4  1 1 0 1 - 0 3  0 1 % J C 4  1141- 3 - 3- ’

v . 7  N N - 541N -N - N - N - N - N - N -  C C C 1 . IC C 1 . I C C 1 . 1  4 44 4 4  4 3 - 4 4 4  i t I tU, IP IP 1 1 0 1 1 1 1 1 1  

23

- ~~~‘C 
—-  -o~~ . % .  - .4 . - —- -

‘ -: - - -  ‘1..~ 
- 3- ’3-

~~~~~~~~~ 
- - - -



0
C

.1 — 3- P N C 3 3 0 11 0 0 3 .1 N- C © 1-  3 3 0 3 3 4 3 0 3.1’ 0 N- N- 3 1-1 — 3 N — 1- C— - 3 - 3 N J  ‘ 3 - 3 - 3) 1 1 1  C 3 - N - 4  1 1 1 -1 -1 1 3  4 4 X 1 1~~’ 1- 3 ) 1 L f)  3 3 1 - 3 - 3 -  3 - S 1 -~~~~~ P.

a
- - 3- .1

C N
3- 3- 3 * 4 3  N N- 1 1 1 -  00 0# 0 4 0 — N-  ..~~OC C 3  0 00C C  3 - 0 0 1 - 3  3-
C >  3 0 3 4 3  5 3 - 0 1 - 3  4 1 - 3 - . 1 1 1 1 31 -3  0 4 3 ) 1 .C — 9 9 1 1 -11 1 1 ) 1 3 0 0  J 1 1 - 1 - 1 - 3-

N- 
.4- - - 

0
-)1 14’

• J 7  C 1- 5 J1 ) 1  C O N - P C  N - 3 - 3  1 1— 1 -0 3 -  3 1 1 3 0 —  1 - 1 - 0 0  . . . 3 3 f 3  1 - 1 - 3 0 3
4 5 3 - 3  0 1 -’ — 1 1 1 1 -  4 5 3 N- . .  3 ) 11- 1 - C  3 N - 3 - - * J’ N - 9 34 4  9 N- 3 - 1 - 3  1 1 (1 - 1- 3-
>
a
I- -r
— N
3- ... 3 Q  3 - 3 - 3 0 ) 1 ’  3 - C N - .-. 0 — 3 - N - N -  1 1 3 - N - N - C  . 1101)C 1 1 3- J ’N r ’  3 - 3 0 0 3 -

P . 1 - 3 4  P 4 4 1 - 3  1 1 3 - 3 - 3 1 -  i t ) 1 3 - 1 - 4  1 1 N O 3 ) 1  C N- 1 - 1 1 4  I I N 3- 1 - 0  3 3 - 3 - 1 - 3 -

0

-f -.
— 3-- 0 3- C C C C C C C 0 0 C C C 0 0 C 0 0 0 C C C C C 0 0 1- 0’ 0 0’ C C- 3- C 3- 3- C C C

C If 3- 0 C 0 0 0 0 0 0 0 0 00 0 C’ 0 00 0 00 0 0 00 0 00 0 0 0 0 3 0 C C C C C C
. — U  0. N - 3 3  1 1 0 1 - 0 0  0 — IN - 3 4  1 1 3 1 - 0 3  0 - . .N - 3 4  1 1 3 1 - 3- U -  0 N’ - 3  If

C 0 = 3 -  4 3 3 3 3  3 4 3* 3  1 1 0( 1 1 1 1 1  111111.113-) 3 3 0 9 3

C. If

-3-

C
C

1 — 0 ’ P . J 9  3 - 1 - N N - 3 -  -3- 11 -3 1- 3 4N - 4 0  L51 PII C 3 0 04 3  5 C_ . ~~~~
— 0 Ill 151 1111 3- 1- 0 9151 0 00 11- — P. C C N- 0 3 00  3 — — N- 3- — 0  — N- N- 0 3- C C’ N-

— 0000 O O 0 0~~~ 0 000 
a

0 4 11
— Q 1-

3- N - 1 - .It) 0 3 3 00  3 - 09 3 4  — . U - N 0 3 1 1 3 3 0  3 03 0 0  3 - U - 3 - U -  5 3- 1 -~~~~~~ 3
C >  —. P J1 fl 3 ) 1 . 31 -N -  3 ) 1 , 1 - 3- 3 -  3 - 3- M 1 1  0 0  3- N - 3 -~~~~~ — 5 0
0 I I~ 0000 000 00000 0-.0P..I.. 0 0  
3 - s

0
it

..J Z 3 9 —. -4 0 4 4 0 1 1  0 ) 13 4 3  , 7 N - 3 1 - 10 9 4 i t 0 0  1 - 3 1 14 —  0 0 0 3 3  0 1 1 3 3- 0
4—  041141’ 1 - 1 1 3 0 0  3 - 1 1 1 1 0 3  0 01 -3 - I t  P . — C O 0  C N - o i t N -  N- i $ 1 4 — C  N - N C — C
3- 00 00 000 ——  0 0 0 00 — N - O~~~~~ 0 

1~ It -P.- (3-
If If 0~~~- 1 - 1 0 4 1 -  1 - 1 - 1 - 1 - 1 1  3 3 - 3 - 4 ( 3 -  1 - 1 - 1 33  0 — 1 - 3 - 1 -  C Lr ._. 1-~~~ 3 - (~ 1 - S

_.

— 0 0 1 3 11 1 1 1 1 ) 1 4 0  3 4 3 3 -  3 3 - 3 - 3 - 1 -  3 1 1 0— 3  i t C 1-. C 1 - 4 — O N -  N 0 3 N-~~~0 0 0 0  00 0 ~~~~~~~~ 0000 0-.00 0 0  

0

z
C ~ 00000 0 0000 000 00 00 000 00 00 0 0000 0 00 000 0 0 C 0 0
:2 ~~~> 0 0 0C C  C C C C C  C C 3 3 0  0 0 0 00  0 0 0C C  0 0 0 0 0  0 0 0 0 0

2 I 1  0 — 1 - 3 3  I P’ 0 1 - 0 0  0 3 -. 54  1 1 01 - 3 - U -  0 N - 3 4  1 1 3 - 1 -3 - U -  0 — 1 -3 4  1 1 3- 1 -3 -~~~~ 

Z 0 00 0 0  0 0 0 0  N- N- N- N- N- N- N- N- N- N- C C
3- I.-

24

- —-,—— -_- - _ -_..
~
- —

~~~
--— ~~~~~~ — — —I. - - - .. . — . -h. - - - - 3- . ‘~~ 

— -3--——



11 4 1 1 1 1 1 1 9  9 91 - 1 - 0  0 0 0 0 0  3 - 3 - 3 - 3 - 3 -  3 - 1 - 1 -1 - 9  0 1 -1 - 1 - -1 -1 - 1 - 1 - 1 -1 - 1 -1 - 1 - 1 -
3 - 0 3 - 0 0  0 0 3 - 3 - 3 -  3 - 0 0 0 0  0 0 3 - 3 - 3 -  3 - 3 - 0 3 - 3 -  3 - 3 - 3 - 3 - 3 -  3 - 3 - 3 - 3 - 3 -  3 - 1 3 - 3 3to — -

3- 5 I  I . .
1. 4 II’
0 ~ 

1-
- -

~~ z 4 4 1 1 1 1 9  09 1-0 0 0 0 0 0  0 0 3 - 3 - 3 -  3 - 1 - 1 - 1 - 9  0 1 - 1 - 1 -N  1 - 1 -1- 1 -P . .  1 - 1 -1 - P ..S
C >  0 0 0 0 3-  3 - 3 -0 0 3-  9 0 0 0 0  0 0 3 - 3 - 0  0 0 0 0 0  0 0 0 3- 0  0 0 0 00  0 3 - 3 - 3 - 3 -

- C w  

— If 0

~~~Z 4 4 1 1 1 10  0 3 1 - 1 - 1 -  0 0 3- 0 3 -  3 - 00 0 0  0 1- 1 - 1 - 1 -  9 1- 1- 1 - 1 -  1 - 1- 1 - 1 - N  1 - 1 - 1 - 1 - —
4~~ 0 0 00 0  0 0 0 0 0  0 0 3- 0 3 -  0 0 0 0 0  3 - 0 3- 0 0  0 3 - 0 3 - 3 -  0 0 3- 0 0  3 - 3 - 3 - 3 - 3 -

- - >
3- I l I l .  5 5 5 . 5  • . ~~~~ s s  I S IS

3- 4 4 1 1 1 1 1 1  9 91 - 1- P  0 0 0 0 3-  0 3 - 0 3 - 3 -  0 1 - 1 - 1 - 1 -  0 1 - 1 - 1 - 1 -  1-1-NP.. N 1 -1 - 1 -1 - P . .
0 - — 0 0 0 0 0  3 - 0 3- 0 0  0 0 0 0 0  0 0 3- 0 0  3 - 0 0 3 - 0  0 3 - 3 - 3 - 0  0 3 - 0 3 - 3 -  0 0 3 - 0 3 -to

If I ~~ 5 5 5 1  
0

2
— C ) 0 0 0 0 0 0 0 0 © 0 © 0 C 00 0 0 0 0 0 0 C C  00 0 0 0 C C C C C 0 0 0 0 C C 3-

U C U > 0 0 0 00  00000 00000 00000 00000 0 0 0 00  0 00 0 0  0 0 0 0 0C C .
~~~ 3 - I &  0 .N - 6 4  1 1 0 1-0 3  0 — N- 3 4  1 1 9 1 - 0 3  0 N - 3 4  1 1 0 1 - 0 3  0 N - C 4  11~~~~~ 1- 3 - PC .—‘ C v j I •~~ ~~ • • ~~ • • C ...~Z N - N - N - N - N -  N - N - N - N - N -  3 3 3 3 3  3 3 3 3 3  4 4 4 4 4  4 4 4 44  1111111)11 1 1 1 1 1 1) 1) 1

— — 2 w

0 .-.

-. ft

I..

— 0
— 0

I/~ — 3 0 3— 3  0 0 - # -9 3 3 # 3 N-  3 3 3— N -  4 0 1 1 —4  0 0 1 1 1 - 3  0 3 - t N —  N~~~~~~~~3
4 1 1 1 1 1 - 9  9 0 1 1 91- 0 1 1 1 1 1- 1 -  9 9 9 1 - 1-  1 - 1 - 1 - 1 - 9  9 0 1 - 1 - P .  1 - 4 1 - 3 - 3 -  0 3 - 3 - 3 - 0

0 I 5 • 5 5  1 1 1 1 1  . 5 . 5 5  I I . . .  • 1 5 I 5  5 5 5 5 5
— 4 11

0 1 -
3- 1 1 1 1 — 3- 3  0 # 4 4  31-113.. P . 0 0 N- 4 N - 3 4 4  1 - 1 - 3 0  0 0 4 5 3 -3 1 1 N -~~~~~~~~4
~~- >  11113 3 0 9 1- 4 91 -  1-j)4123P. 9 9 31 - 1 -  1 - 1 - 1 - 1 - 3  9 31 - P.~ 1 -3 1 -3 -1 -  3 - 3 - 3 - 3 - 3 -
OI S
O K  S I • • S I I S I S  S • • 5  I I • 5 5  5 S S 5  

0
11

..J Z N - CN - - .# # 0 1 . 1 40 3  9 N 3 3r~s • O p - .—  4 3 N 1 - 9  1 1 0 — 0 1 1  — O N - C o  1 1 N- N -~~~~~4 5  9 1 1 9 0 3  3 1 - 1 1 9 1-  1 - 9 1 1 9 1 -  1 - 1 1 9 1 - 1 -  1 - 1 - 1 -1 - 9  9 91 - 1 - 1 -  1 - 9 1 - 0 3 -  0 0 3 - 3 - 3 -  

a • •  
.1’

— N-
7 3 0 0 3- C  C 3 - — . If’ N 1 -0 ( 3 - 1 1 3  — 3 3 -0 —  3 4 0N 3 -  4 3 - 3 1 - 1-  N - 3 - O 3 -  C N - N~~~~~~— 9 1 1 1 1 1 1 1-  1 - 33 ) 1 1-  1- 9) 1 9 1-  1 - 1 1 31 - 1 -  1 - P .1 - 3  ,0 3 5 - N 1 - 3 1- P . O  0 3 - 3 - 0 3 -

C

5- 0 0 0 00 00000 00000 00000 00000 00000 0 0 0 0 0  0 0 00 0
3 - C >  0 3 - C O O  0 0 0C C  0 0 0 0 0  0 0 0 0 0  00 0 00  000 00  0 0 0C C  C C C CI.- 3~~. 0 1 3 - 4 1 1 3P .3 - 3  0 . N- 3 4  1 1 9 1- 0 3  0 5 3 - 3 4  0 0 1- 3 - 0  0 — N -3 4  ) 1- c~~~-- s 3  

3 - 3 - 0 3 - 0  3 - 3 - 0 3 - 0  3 3 3 3 3  3 - 3 3 3 3  0 0 0 0 0  0 0 0 0   

25

- ‘— - - - --‘ -~~ 1~ 3-



C. C 0 —. -3 - 3  N - N N - 4 N -  1 13 1- 3 - 1 -  1 - 4 6 4 N-
0 303 4 1 1  340 1-P. 1 - 0 0 0 0  3 - 0 3 - 0 3 -

U-
• 

4 3 4 3 4  P .N - 1( f3-i — N 3 1 - 0 1-  1 - 1 1C 4 #
0 3 3— 3  9 1 1 1- OP .  1- 0 0 0 0  3 - 3 - 0 0 3-

3-. 3-
01-5 0 31- N- 1- J P . 0 1-  1 - 1 13 4 3

.4 
- 9 1 - 3 -  1 - 91 - 1 1 0  1 - 0 0 0 0  0 0 0 0 0-t -3- 3- 0 
0 I S

3- 1-

) 10 ’ 0 3-  0 3030  3 - 1 - 5 9 3 -N  1 - 93 J ) C
Z ) 1 -N N 1 - 3  1 1 1 1 1 - 0 0  9 3 - 3 - 3 - 3 -  3 - 0 3 - 3 - 0

0 —
C

I t .
w — 9 ( 3 - 9 3  # N- 0 3 O  0 40 0 0  P . 0 1 - J 1 1C
— 0 0 4 4  4 N 1 1 0 - C  0 0 0 0 0  0 0 0 00

to • C
— — 4

C O
0 3 - .

C 4 3 —4 1 -  4 3 9 3 3  ) 1 0 4 0 9
— C 1 1 0 N - N - 4  N - 4 0 91 -  4 0 0 0 0  0 0 3 - 0 3 -

Cl 3-

-
~ 3

1- . 3 -  1- 3- 114 01 1 3  0015’ 01- 1- 1- 3 4 3
— 3- 1 1 3 - 0 — 6  N- I t) P .9 3  1 - 0 0 3- 0  3 - 0 3 - 0 0
— C 3- 00
—

- - C C
— 2 .

0 1 - 3 3 - 3 0  3- 00 1 1  3 3 1 1 01-  1 - 1 - 3 4 4
-. 4 —. 3 1 - 0 — 3-  3 3 - 3 9 1 1  1 - 1 - 3 - 0 3 -  0 0 0 3- 3 -

- —  0 00  
P..—— 1 - 1 1 3 4 3  — 1 1 N- 3 #  1 . 1 4 04 0 1  1 - 1 - 4 4 40 •  f3- i(1~~.C . .  1- 3 4 ) 1 1 1  1-9 0 0 0  0 0 3- 3 - 0

-— 00 

3 - 4 31 -  4 1 - 1 1 3 3  4 — 4 3 - 3-  1 - 1 - 4 4 4
— 1 - 3 —6  1 1 1 1 1 1 1 11- 1 - 1 - 3 - 3 - 0  3 - 3 - 0 3 - 3 -
— a 
— C

0 2
—
— C C >  C O C~~~~~C c c t c~~~ 0 0 0 0 3 -  C~~~~~C C - C -
— 3 0 .. .

C . l~~ 0 N - 5 4  1 1 3 1 - 3- 3  0 N - 5 4  1 1 0 1 - 0 3
- 5 1 5 2

26

4•~_ ’~~~~~~~••—~~ 
-~~~~~~~~ . • --.• .~~~~~‘- 3 -  ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~

3 - 3 -  - .



TABLE IX. Damage Results in 22-Group Structure

Damage Damage Damage

~ E 
(Present (Present (Rogers ’ Ratio

Group N Results)  Resul ts)  Re su l t s ) a Rogers ’!
Number (MeV) 

— 
(MeV .mb ) Gr 22=1.00 Gr 22=1.00 Present

10 .1l- .55 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 0.576 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

aRogers et al.~ ° - a l l  these values obtained by dividing publ ished va lues

by damage for Group 22, 7.36 x lO~~~ Si Kerma [rad Si/(n/cm) J .
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av e r ss~ed f r  di t ferent r& coi 1 energ ies . There is a coOt inuing i r i t c r t-- ,t
i ri def o i  n - s  I - Mc~ equivalence for different neutron energ i c~~ and - pcc -
r.i . -

~~- v t - r . i  1 damage ra t t o s , for 11 ~ie\’/l MeV damage , are shown n Fab i c
- The I i  r-~ t four va I sies indicat e how a 1 —M eV equivalent defl nit i on

s~ouId depend on the energy width chosen at 1 MeV . The second set of
four ~alue— indicate some extreme ratios , not likely to be physically
ri - sliz ed . The la-~t two values are practical energy widths , very near 1
Me~~, that ~ iffer in damage produced by a factor of two .

T~\BI.E \. Damage Ratios , 14 MeV/l MeV

E (1 Me V 
~J Ratio , 

Damage , 14 Me\
n Damage , E~

1.000 ~k\ 5 keV 1. 91

1 .000 ~1e\ . 5  keV 1 .55

1 . 000 \Ie\ 100 keV 1. 99

1.000 Me~ 200 keV 2.15

0. ~13 ~k-\ 2.5’ keV 1.03

0.913 MeV 2.5 ke~ 1. 22

1 .15 - ”  ~1e V  ‘.5 ke’~ 4.79

- 2-r ‘- l i - \  • 2.5 keV 4 .56

• 1 1 -  1.2 Me\ 3.40

O~~) t t  1. 0 MeV 1 . 70

IV. DISCUSSION

N ( - l I t r o n  d i s p l a c e m e n t  damage in silicon has been calculated , as a
function ~t neutron energy, in a way that utilizes all details of the

I shle neutron cross sect ion  in fo rmat ion . The r e su l t s  are presented
i n t ab u l a r  turm f r  0. 1 t o  16 MeV in 5 keV intervals , for 0.1 to 1 ( MeV
averaged vcr 25 keV intervals , and for 0.1 to 20 MeV averaged over 100
keV int t- r t.i l s . A ~ornp arison with other current work has been presented .
a - ~ has a table of 14 ~‘1eV/ 1 MeV damage ratios. In the detailed treatment
of c ross sections , the lindhard fraction , corrected for multi p le colli-
sions , has ht -s-n calculated for each different recoil energy and for the
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appropria te recoil ion , Si , Al , or Mg. For those reactions producing a
pro ton or alp ha particle , the contribution of the small particle has not
been included . These small particles produce only a small fraction of
the d isp lacement damage , and , since their ranges often exceed typ ical 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 i t s
environment (probably not silicon) .

The calculation of energy going into displacements is considered to

be quite reliable. Approximate calculations
22 suggest that energy depen-

dence (ratios) are not very sensitive to the details of LSS at hi gh ener-

gies , whi le the exper imental conf irmation of LSS by Satt ler 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-
poselv 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

rel ation .

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.

- ~ i-Lrs .rn , Tr i ~ ’~ te conwrunioation .
23A .1~. , ; - z t t i t P  -rn.] F . L .  Vock , “Partit ion of the Ave~~ ge Enei ’ ja  ~ - f - ~ s~~~€ -J

in •Tf ~ic- n as .i F unction of Incident Neutron Enerqy) ” Phys. Rep,~~ IY?.
1~~, No . , pp  2 11—217, March 1967.

Lohkanrp and J.M. McKen2ie, “Measurement of the FJ nerqy Dt~’ enJt ’~-
of Neutron Dantage in Si 1 icon Devices,” Th’EE Trans. Nuc Z. Sci . -, V
NS-22 , No. 6, pp 2319— 232 5 , December 1975.
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APPENDIX

I. In t roduction

The computer program used for damage calculat ions fol lows in this
appendix. The program is presented as presently used , mak ing use of
some tabulated material and containing a mixture of FORTRAN and assembly
language for  use on an SEL-86 computer. Althoug h i ts  use is l imi ted  in
this form , it is presented here to aid in-house users and to aid others
in fo rmula t ing  s imi la r  programs. An unusual amount of redundancy and
er ror check ing was included because the computer was in a s tate of dynamic
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  sel f -exp lanatory .
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2 .  I .t st i~~ of Main Pro in

CC”-°’ f (?00) .S(?00) ,F (200) .0(200)
CC~Aw 0~ / ISSwN/ I SSWS, I SS~ 6
CC~-’YdI~/PEACT/E3,S3-.Q,LCT,NN,A0,A (2S).Ml,M2 ,M3,M4,FLAG ,XMIN
DI”~ N ’~— I O N T ITL L (5) .AL (~~S) ,AH(25) ,AP4AT (25,25) .NBT3 (l0),

1 I. T3 (I 0 ) •NBT4 (l0) ,INT4(l0)
l~~TE C ’~ — Z2.Z4
R E A L  ~l.M?,M 3,M4
DATA FILE5,CP1,TY1,’S ‘.243523100,754593200/
CALL SET TO (F ILE5 • l u )
C A L L  2 139

I Ot CC r - ~T T r aJE
CA L I. S~ TTO (FILtS ,Cp 1 )

~.FAD (’- .l )MT ,MTN UM ,M1,M2,M3,M4,72,Z4,TITLE
I FC— .~.4AT (2I5,~.Fl0. 0,,)I5,SA4)

CA LL SF TIO (FILE5. TYI )
IF ( ‘ -~T~~~-~ .?.

(
~~.MT.LF.999) GO TO 105

If ( ~-‘ • 31 ) MI
31 FC~~.’A T (’ ILLEGAL MT =‘ .16)

GC T~ 10 0
IOD CC’~I l’ . -~
i l L  ~~ Il f V .Il )’- ~T,MTNUM,TITLE,Ml,M?.M3,M4,Z2,Z4
11 c A l ~-~1, ’~~€A cfloN CODE 1 ,l5,l0*,,RE VlSION I ,l5,2O X,~~A4/

I ‘ ‘~I ~‘,Fl~~.S,i0X. ’M2 ‘,F1 0.5,10X.1M3 ~
I ,F1 0.5,l0x,’w4 *‘ ,Fl O.S/

? ?.s• ’??z ’ ,I5,l5X .24X, ’14 ’,I5)
CALL F ’~A CT(Za4,M4.l?,M2)
C A LL  I ‘TF ’- (MT,N13TOT,NI4TOT ,N15TOT )
‘~E wI ~~D 13 REWIND 14
CALL - w I T C ~-4 (MT)

~fA D (1~~,?i)~,l 3,ZA ,Awp ,LIS,LFS
2 1 F~~~~M A T  (11 0,?f 11. 0.4111)

~EA D (i I.?1)’-~i3 .T.Q,Ll,N.NR3,NE 3
Qz~ /l .F ~I F ( r ~ic~3. ( ,T . l 0 )  PAUSE N23

1 l~ ~-~F A i  (I 3.??) (~~hT3 ( I ) ,  U’-.T 3 (  I) • l~~1 .NR3)
?c~~FC 9MA T (i0x,~’-~l 1 l )

w PTTE (
~-,I?)?A ,A ,,~

Q ,Q,LIS,LFS,NE 3
i~ FCP~4A T (’ 74 = ‘ .F~4.O,i0A. ’AW R ~ ‘,1PE 1 ?.5.lOX,’Q = ‘.0PF1O.~~/

1 ‘ INITIAL SlATE = ‘,I5,10X, ’FIP~AL ST A TE ~‘.I5/
• ~tJ’-’REP OF ENTRIES IN Till . CROSS—SECTION TABLE ~ ‘.Ib)

IF ftT.GT .1.O9.T.NE.0.0 WRITE (6.13)T .LT
ii FC RMA T (’ NUCLEA9 Tf:MPEMATUWE z~~,1PE12.b,10X,~ LT a’,IS)

WRI TE ( 6. 14) NP). ( N~~T3 ( 1) , 1N13 ( I) . 1 1,NR3)
1’. FOPMAT (’ THERE ARE ’,1 3,’ INTERPOLAT ION RANGES’/ (10X,2110 )

NTOTAL~ 0NF3 L K Z O
E~~0.
S~ 0.
REWIND 17
113z3, (NP3.2)/3
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N3.—2
125 READ (13.23)N13. (EU) ,5(1) .1.1,3)
23 FORMAT (I10,6Fll .0)

IF (113 .E Q.N13) GO TO 128
CALL POSTI3 (113,N13,N13TOT)
GO TO 125

128 113~ I13.1
N3 N3. 3
!F(E(3).GE.1.E.5) GO TO 130
IF (N3i2.LT. NE3) GO TO 125
WRITE (5,33)

33 f~ORMAT (’ THERE ARE NO ENERGIES ABOVE 10 KEy.’)
PAUSE EMIN
GO TO 100

130 Ns3
IF (E (1).GE.I.E5) GO 10 135
E (1)~~E (2) $ E (2)=E 3) $ E (3,- 0.O
S (1)~~S-(2) I S(2 =S - 3) S(3)—0.O

IF ( E ( I ) . G E .1 .E5 )  GO TO 135
E (1)~~E (2) I E (2) 0.0 I S( 1) a S (2 )  I S(2)~~0.0N.1
IF ( E ( 1 ) . G E .1 . E 5)  GO TO 135
PAUSE ERR135

135 CONTINUE
E (1)~~E (1)/1.E6 I E(2).E(2)/1.E6 I E (3)—E (3)/1.E6
NSKIPSN3—N .2
LTOTAL.NE 3—NSIcIP
L8L K~ (LTOTAL .99) /100EL~ O.0 I EH 100. I NLzNH I I AL~ 0.0 I AH O.0 $ INT4A*2
IP (ISSWS.E Q.1.OR.ISSW6.EO.-l) 60 10 155
READ (14,21)N14,ZA4,AWR4,LVT,LTT
IF (LTT .EO.1) GO 10 140
WRITE (5,34)

34 FOR MAT (’ ONLY LEGENORE REPRESENTATION ALLOWED ’)
PA USE LIT
GO 10 100

140 READ (14.21) N14,ZA4,AWR4,M,LCT,NK,NM
AMAT *0.O
IF (LVT.EQ.0) GO TO 150
IF (LVT .EQ .1.AND.NK .EQ.((NM•1)* NM .1fl) GO TO 145
wRITE (5,35 ) LVT,NK,NM

35 F ORMAT (’ LVI ‘,13,’ NK ~‘,I4,’ NM ~‘.I3)
PAUSE LVI

145 NT~ NM.1REAO (14,25)((AMAT(I,J),I.1,NT),Ja1,NT)
25 FOR MAT (10x,6F11.O)
150 REAO (14,21)N14,ZA4,AWR4,M,J,NR4,NE4

IF (NR 4.GI.1O) PAUSE NR4
READ ( 14,22) (NBT4 ( I) , IP4T4( I) ,I.1,NP4)
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4 !T~~V ,It,)LVl,LTT,LCT,NK,NM ,NE4,NR 4,(NBT4 (I),INT4 (I),TB1,NR4)

H’ ~~~- M A 1 ( ’  t v T ‘.IS,IO X .’LTT .‘,IS,lO X,’LCT — ‘,IS/
I ‘ ‘. °-‘-~f P OF ENTRI FS IN CONVERSION MATRIX ~‘.1S,1SX,
? ~- 1 I ’ ,-~t~ST ~~I-~~) € P  POLYNOM IAL USED ‘.IS/

I’-’-~ E~~ OF ENTRIES IN ANGULA R DISTRIBUTION TARLE IS’,IS/
‘4 ‘ Jw.~~~k OF INTERPOLATION RANGES IS’,I5/(1 0X,2110))
A L=O • 0

• 0
I i ’=- .. ~~.P4•? ~3. (NK.5)/6
i C - ~- A T  ( 1 1 0 . 1  1X , F 1  1. 0 ,2 2 X , I 1 1 /( I OX ,6 F 1 1. 0)

15 1 a f A . 1~~.?~~~ -~l4,EL.NL , (A L ( I ) , I~~1,NL)
IF ( N 1~~.E i.Il ~.) GO 10 152
C ALL .- - 5T14 (I14,N14,N14TOT )
(‘C T O 151

I5~ I 1~~= Il ~..1.(NL•S)/6

~ L f  L/ 1 ~~
1S~ ‘4 E A D( H . ,~~~. ) N1 ’4 , E H , N H , (A H ( I ) , I z I , N H )

I F H l’ . .E . . 1 1 4 )  GO TO 154
C A L L  P O ST 1 ’ . ( 1 14 , N 14 , N 1 4 T O T )
00 TO 153

15’ 1 i’.= I 1’..1. NH•5 /6
I -‘~ f H/ •~ ~
N 4 = 2

I N 1 44 = I N 14 (1)
N(-.T4A NBT~. (1)

I5~ IF (N .GE.I00) GO TO 160
IF (N3 .2.Gl..NEJ ) GO TO 159
IF (I I ~.GT .NI3lOT ) GO TO 300
NA~~~~. 1
N = ‘-~ • 3

15, ~fA[~( 13,? 3)Nl3 , (E (I) •S (I) ,IzNA .N)
I F ( 1 I 3 . E Q . N l 3 )  GO TO 158
CA LL o- 51l3 (113,N13,N13TOT )
GC TO 157

15~ 113 = 111 .1
I (~~A ) I (N A ) / l . r~-~ ; E (NA +I) E (NA .1)/1.E6 I E (N) E (N)/l.16

N ~~N3 . 3
I F ’ N3 .2 . L F . N~~3) GO IC 155

15-’ N’N.Nf 1— N 3— ?
1 60 CCNTINUF

F 0.0
Uz O . 0
w t-. T I E  ( “ - p 1k- )

i~
- FC~ MAT (/,’ I ENERGY SIGMA DAMAGE ERROR’,

* ‘ fEE DAM fEE £4 EFF F’ CHECK’,11 X,’EL’ ,8x , ’EH’,
• ‘ TNT ’. N3 N’.’ /

DC 200 II ~~i .10O
IzI1
IF (I. ’,T . rj )  GO TO 201

36
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£3~ E (I)
S3=S (I)

165 IF (E3.LE.EH) GO TO 175
IF (N4.GE.NE4) GO TO 310
IF (I1’ ..C’T.N14IOT) GO TO 310
ELXE H $ NL NH I AL O.0
DO 170 I=1 .NH

170 AL (I )—AH (I)
172 *11*0.0

READ ( 14 .24) Ni ’ . ,E14,NH , ( AH ( I) , IzI,NH)
EH EL4 /1 .E6
IF (N14.EQ.114) GO TO 174
CALL POSTI4(114,N14,N14TOI)
GO TO 172

17’. 114z1l 4.1.(NH15)/6
N4*N4 . I
IF (N4 .LE .NBT4A GO TO 165

IF (NSCH4.LT.NR4) NSCH4~ NSCL14+1
IlaT4A *INT4 (NSCH4 )
NBT 4A zNBT4 (NSCH4 )
GO TO 165

u s  IF(EL.LE.E 3) GO TO 180
WRITE (5.36)

36 FOPMAT (’E3 IS BELOW E4 LOW’/
• ‘C TO TER MINATE , P TO IMMEDIATELY GET NEXT REACTION CODE.’)
PAUSE E3LO W

180 CONTINUE
NN *MAXO(NL ,N H )
00 185 1 1 ,NN
CALL INTEPP (E3,EL,EH,AL(I),AH (I),AA ,INT4A )
A(I)ZAA* (j.I.1).0.5

18S CONTINUE
A0=0.5
CALL FSI MPO (X )
CALL DA MCAL (DAMAGE,ERROR,AVEDAM ,AVEE4,FRACTION,TEST)
I~~II
O (I) ~D A M A G E
F (I) FPACT ION
NUMBEP~~NTO TA L . I
N3A*NUMBEP.NSK IP
CALL SSWTCH (10,ISSW) $ lF (ISSW.EQ .1) GO TO 200
wRITE (6, 17) NUMBER,E I) ,S( I) ,D( I) ,ERROR,A VEDAM,AvEE4,F ( 1) , TEST,

* EL,EH,INT4A .N3A,N4
17 FO RMAT (1X,!4,2F11.5,1PEI4.5,OPF 8.3,1P3E1I.2,E1O .1,5X,OP2F1O.4,315)

200 CONTINUE
201 CO NTI NUE

NNXMINO (N, 100)
IF(NN.LE.0) GO TO 230
NA *NTOTAL . 1
NA A ~N TOT AL • NN

V ~~~~~~~~~~~~~~ ~% .. -~~ 
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~°t ~
j t-

~~t ~ = N k L~ ~
*~- 1 T F ( (~~)P .4T,MTNUM ,NBLK ,LRLK,NN ,LTOTAL,NA,NAA ,M1,P42,M3,

M4,Z2,Z4,(J,
• l l TL r ,  u (I) • l= 1 , 1 00 )  , (S(I) ,1z1,100) ,(O (1) ,Iz1,I00) ,
• (F (I ), 1=1.1 00 ) ,JSLK
*- ‘IT f (~~.?O2 )NA ,NAA,E (i),S (1),D (1),F(1),E (NN),5(NN),D (NN),F (NN)

20c FC RMA T (///1X ,130 (1H *)/’ TABLE OUTPUT FOR N~~’,l5,’ TO’,IS/
•?0~~. ‘FT .VST r;~~T A  E=’ ,F10.5,5X,’SIGMA ~~’,F10.5,5X,’DAMAGE .’ ,IPE12.5,
* 5X , t I F E C T I V E  F= ’ .~~i2.5/20x,’ LAST DATA Ea’,O PF1O.5,5x,
• •cI (O~4 A Z. ,F 1O .5,5X. ‘DAMAGE ~~’,1PE12.5,5X,’EFFECTIVE F ’ ,E12.5/
• IX • 1 h (I H~~~

N T O T  A~~~ N I ‘T ~~L •NN
N N — 1 0 0

IF ( S~~IP.~~T - T AL .GE.NE3) GO TO 250
I~ ( ‘~ ) ?  4 0 ,2 2 0 . 20 5

?Q— EC 210 1 1.N
E (I ) ~ (I • I 00)

21 i S ( ) —
~ 1.100)

?2L- CCNT I N - r
DC 215 I N A . 2 0 0
E ( I )  = c . 0

215 S (T ) 0.0
GO T O l5L

? i 2  ~~- = S ’  IP .N , T f l T A L
IF  (‘-~N .EQ .NL3 ) GO TO 250
~~~lT E ( S ,2 3 l ) N N, NE3

23 1 f C ~~M A T ( Pf lSSIHL E EPROR IN THE NUMBER OF ENERGIES CALCU LATE D’/
* ‘(N SM IP .NCALC ) = ‘.IS.’ WHILE NE3 = ‘,IS/
• ‘C IC’ ACCEPT AS IS, P TO RETRY ENTIRE REACTION’)

~-A u SE ‘~F P~
~5: CCNT I N~~

‘ -~ I
? “ ‘  CC TI’ ,’ F

L~~~k ~~~L ’-’ L ~ —~~-1 ~
L T O T A L ’ L T O T A L — N T O T A L

1- - 1  A ‘ 3—NT 1~TA L NSK IP
-‘i~~’~1 • — M ) — ~~-’~ -.

12=2?— ’.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ F c - - ’A T ( / / ’  *‘ TFS T •‘‘.SIS’F10.3,15)
GC ¶ 0  16 0
•— I ru (s. 4o I ) E (N

k O l EO’-~MAT (’AT TF MPT TO READ MORE THAN NI3TOT .’/
• ‘ F ( - e ) ~ ‘.1PE12 .5/
• ‘C To NSF AS IS. P 10 RETRY ENTIRE REACTION. ’)

PA u N F ‘- 11
(,( TO 160

~1C ’ ~ Pj TE 4 fl 1 (F (N)
(Ii FC~~” A T ( ’ A T T f M L ’T TO PEAL) MORE THAN NI4TOT .’/

38
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• ‘f(N) *,.1PEI2.5/
‘‘C TO EXTRA POLATE, P TO RLTRY ENTIRE REACTION .’)
PAUSE N14
GO TO 175
END
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3- I.i ‘ t t i t - 
~‘ ut ’ r ou t  nt S

- ° - ~O U T I N i  S W I T C H ( M l )
CC’”~~~N/1SSwN /ISSw5,ISSw6CA L L 5N~~TCH (5,l5Sw5 ) I CALL SSWTCH (6.ISSW6)
1F (IS S~ N .F .1.Qp .ISSw6.LQ.l) GO 10 10
IF ( M T . E Q . H ’ )  I S S W 6 = 1
IF ( M T .FQ.?2 ISSw6=1
I F ( M T . f Q . 2 8 )  1SSw 6 = 1
jf ( MT .EQ. 1 04) ISsW5=I
IF (MT .~~6.j 0?)1SSw6 i

l~ CO~~TINuE
I F (ISSwS.EQ .1) wRITE (6,1)

1 FC’.’~AT (/’ PEAC TION IS FORCED TO BE ISOTROPIC’/)
IF ( I S S w 6 . EQ .  1) W R I T E  (6 ,2 )

~ FO PMA T(/~ HEAVY PARTICLE ASSUMED TO REMAIN AT REST IN C.0.M.’/)
IF ( IcSwS .NE .1.AND .ISSW6.NE.1) WPITE (6,3)

a FC~~~AT( /’ PEACT ION TREATED NOPMALLY ’/)
RE T t )~~N

E ?~.1)
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SUBROUTINE SETIO (FILE , DEVICE)

[Th is is an assembly language routine which dynamically assigns a
‘~vmbo 1i c  u n i t  number (FILE) used in FORTRAN input/output statements to a
ph ysical 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.]

(SUBR OUT I NI ENTER ( MTT , N 13TOT , N14TOT , N15TOT)

[rhis is an assembly language routine which reads a BCD tape and
transfers the card images for the desired reaction code (MTI’) to files 13
and 1-1 . F i l e  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 (110) 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. N13TOT is the
number of cards in file 13 (DNA file 3); N14TOT is the number in file 14
(DNA file 4); and N1STOT is set equal to zero.]
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S(j ( Ht I ~~~j f  PQSTI3 (IWANT ,NRLAO, ’J TOTA L )
lIE (5.  ?) I W A N T  • NRF AD , NT OTA L

-~ ~ C P R A T ( ’  POSI 13 wAN T ’ ,IS,’ JUST RE,AD ’,I5.’ OF THE’ .15.
* ‘ RECORDS’)
I F (I WANT .Lt .O.OR .IWANT.GT .NTOTAL ) GO TO SO
NE I WA N T—N PEA D
IF ( N)  10, 15,20

Lu N E—N
I F(N.UT.1O.Ok .IWANT .LT .10) GO 10 30
N = N • 1
DC 12 T z1 ,N

1 ‘-tAcs~;-~ACF 1 3
Pf ~~~~~~

15 ~ A C M S P A CF 13
20 ~E P RN
30 ~EwH ’ 1 3

IF (IWA N T .EQ.1 ) RET URN
N I .~A N T — 1
00 35 1 1.N

35 PEA D (13 ,1 )J
1 FC PMA T (I1 0 )

I F ( J . E Q . N)  RETURN

~~~IT E (5 ,3)
4 FO PMAT(~ EQPU~’ POST 13 AUTOMATIC RETRY’ )

NE I ~ A NT — J
IF (N) 10.15.20

50 CCNT I N ’ if
IF( IW A N T . L E . 0 )  GO TO 60
W R ITE (~~,51 )51 F C P uA T (’  REQU ESTED RECORD EXCEEDS SIZE OF FILE 13’/

• ‘ C TO RETRY P TO RESTART’)
GO T n 70

6i~ W~~I TF (5,61)

~ 1 FC P~~A T ( ’  N O N — P O S I T I V E  RECORD NUMBER REQUEST ED FOR FILE 1~~’/• ‘ C TO PUlPY P TO RESTART ’)
70  PA ’iSF N1 3 I RETURN

f
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SUR ROUTINE POSTI4 (TWANT,NRLA D,NTOTAL )
WR11 E 5,2) IwANT,NREAD,NT OTAL

2 FO RMA T( ’ POST 14 WAN 1 ’,IS.’ JUST PEAD ’.I5.’ OF THE’.IS,
• ‘ RECORDS’)
IF (I WANT .LE.O.OP .IwANT .GT.NTOTAL ) GO TO 50
NE IWANT—NREA D
IF (N) 10, 15.20

tO N’-N --
IF (N .GT.1O.OR .IWANT.LT.1O) GO TO 30
NEN .1

DC 12 Iz1 ,N

12 BAC KSPACE 14
RETURN

15 BAC KSPACE 14
20 RETURN
30 REwIND 14

IF (IWANT .EQ .1) RETURN
N Z IWANT — 1
DC 35 Iz1,N

35 READ (14,1)J
1 FO RMAT U1O )

IF (J.EQ .N) RETURN
WRITE (5.3)

3 FCP~iAT (’ ERROR POST 14 AUTOMATIC RETRY ’)
N I WANT — J
IF (N) 10. 15.20

50 CONTINUE
IF (IWANT.LE.O ) GO TO 60
WRITE (5.51)

51 FO RMAT (’ REQUESTED RECORD EXCEEDS SIZE OF FILE 14’/
• ‘ C TO RETRY P TO RESTART ’)

GO TO 7O 
-

60 WPITE (5,61)
61 FOPMAT (’ NON—POSITIVE RECORD NUMBER REQUESTED FOR FILE 14’/

• ‘ C TO RETRY P To RESTART’)
70 PAUSE N14 $ RETURN

END
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SUPROUTINE POST39
DATA IFLAG/O/
WR ITE (5.1)

1 FO PMAT (’ POSITION UNIT 39 FOLLOWING P.IT,VERSION (2I3)’)
IF ( IFL AG .EQ.0) WRITE (5,2)

2 FOR MAT (’ USE 14T”3C0 TO REWIND UNIT 39’/
• ‘ USE MT.0 IF UNIT 39 IS POSITIONED CORRECTLY’)
IFLAGE 1O
READ (5.3 MTA ,P4TNUMA

3 FORMA I (213)
IF (MTA)S, 10,15

5 REwIND 39
WRITE (5.6)

b FORMAT( ’ UNIT 39 HAS SEEN REWOUND’)
GO TO 20

10 WRITE (5,11)
11 FCPMAT (’ UNIT 39 HAS NOT BEEN MOVED ’)

GO TO 2O
lb REWIND 39
ia RE AD (39)MT ,MTNUM ,IRLK,NI3LPc

IF (MT.NE.MTA.OR .MTNUM .NE.MTNUMA .0R .IRLK.NE.NBL.Iç) GO TO 1~WR ITE (5.16)
lb F’CPMAT (’ UNIT 39 HAS BEEN POSITIONED AS REQUESTED’)
20 CONTINUE

WRITE (5,21)
21 FO PMAT (’ C TO PROCEED R To RE—ENTER P05T39’)

PAUSE 39
RE TURN
END
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SURPOUTINE INTERP (E,EL,EH,SL,SH,S, INT)
C ZNT I FOR Y CONSTANT FROM EL TO EM

• C 1N T 2  FOR V = A • P •
C INT 3 FOR V A • I LOG (X)
C INT = 4 FOR LOG (Y) = A • B ‘ x

C INT = 5 FOR LOG (Y) = A • ~ * LOG (X)
IF (EL.EQ .EH) GO TO 10
IF (E.EQ .EL.OR .E.EO .EH) GO To 10
IF (I NT.LT.1.OR .INT.GT.5) GO TO 11

S G O  TO (l 0.l1.12,13,14),INT
10 S*SL

IF (E.EQ.EH) SS H
RETURN

11 S=SL.(SH—SL)~~(E—EU/ (E H—EL)
RETURN

12 IF (E.LE.0.O.Ok .EL.LE.0.0.OR .EH .LE.0.0 ) GO TO 11
S SL..(SH_SL)*ALOG (F/EL)/ALOG (EH/EL)
RETURN

13 IF (SL.LE.O.O.OR.SH .LE.0.O) GO TO ll
SEALOG (SH/SL ) • (E—EL) / (EM—EL)
S EXP (ALOG (SL ) +S)
R E T U R N

14 IF (E.LE.O .O.OR .EL.LE.0.O.OR .EH .LE.O.O) GO TO 11
IF(SL.LE.0.O.OR.SM .LE.0.O) GO TO Il
SEALOG ( SH/SL) ALOG (1/EL) /ALOG (EM/EL)
S E XP (ALOG (SL ) .S)
RETURN
END
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SUBROUT INE F R A C T ( Z P ,A P , Z T , A T )
CCMMON/TA ~ LFS/NTAI.AEPS,ETAB (S0O) ,FTAB (500)
INTEGER ?P.ZPA ,ZT,ZTA
DATA ZPA ,ZTA /l000,1000/
Zl=FLO ATC Z P .*(2./3. •FLOAT (ZT)..(2./3.)
AEPSE3?517.eAI/((Ap.AT )•FLOAT4Zp*ZT)4SQRT (ZZ))
AK 0,0793* (FLOAT (ZP)**(2./3.))*SQRT(FLCAT (ZT))* (AP •AT)**I.5/
• (2Z’•O.75~ AP~~~1.5’SQRT(AT))
W R ITE (6. 3) ZP. ZT , AP, AT , ZZ, AlPS. AK

3 FCR MAT (2(I8,2A ) ,2F10.5,F1O.5,F10.6,FlO.7)
IF (ZP.EO.ZPA ) RETURN
WRITE (6,1)

1 FOPMA T(’ READ NEW DAMAGE FILE’)
15 RE WIND 37
20 READ (37,END=30)ZPA,APA ,ZTA,ATA ,NTAB,(ETAI (I),IEl,500),
• (FTA ~ (1), 1=1 .500)
IF (ZP.NE .ZPA) GO TO 20
RETURN

34) WRITE (5,31)
31 FOR MAT (’ PEAL) EOF’/’ C TO REWIND AND RE—READ ’)

CALL STATUS (7.ISTAT)
PAUSE EOF

GO TO 15
END
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-4

SUMPOUT INE DA M CAL ( DA MAG E , E R RO R ,AV E DA M ,AV E E4 .AVEF RAC T ,T FST )
CCMMON /EXTRA/SUw1 ,5uM2
DOURLE PRECISION SUM1,SUM2
COMMON ,PEACT/E,SIGMA,o.LCT,NL,pO,P(25),M1,M2,M3,M4,FLAr,,XLI M
DAMAGE=EPROP=AVEDAM=AVEE4EAVE FRACT .TESTEO • 0
IF (SIGMA .LE.O.O) RETURN
IF (FLAG.LT. —O .5 GO TO 10
IF (FLAG.GT.0.5) GO 10 20
PCTMINxO .1 I MINP TSEIOO $ MAXPTS 1000
XLOWER=— 1 .0 1 XUPPEP 1.O
CALL SIMP (XLOWER ,XUPPER,MINPTS,MAXPTS,PCTMIN,ANS ,ERpOR )
AV EDAM2A NS AVE F 4=SUMI 1 AVEF PACTEANS/SUM 1
SUM2 =SUM2— 1.DO 1 TEST=SUM2
DA MAGE IGMA’ANS

C THERE ARE TWO FACTORS OF 2 (PI) WHICH CANCEL.
C ONE IS THE INTEGRAL OVER THE POLAR ANGLE ,
C THE OTHER AR ISES IN THE DEFINITION OF THE LEGENDRE EXPANSION
C USED IN THE ENDF/R FILES.

RE TURN
10 DAMAGEEO. 0

C THE PEACTION IS ENERGETICALLY IMPOSSIBLE.
ERPOR= 100.
RE TURN

20 DAM AGU=O.0
C THE L1r,HT PARTiCLE IS DOUBLE—VALUED IN ENERGY.
C CALCULATION NOT SET UP FOR THIS CONDITION

ERROR: 100.
RE TURN
END
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Su~ ROUT lN€ SIMP(XA ,X13,NL,NH ,PCTMIN,ANS,ERR )
DCUHLE PRECISION SUN 1 ,SUM2.S0l .502
CC MMON /EXTRA/SUMI .SUM2
1,OIJBLE PRECISION S0,Sl,X,DX
XL XA

NM I NXNL
NMA X NH
IF (N MAX .LE .0) NMAX=999999
PC T PCTM IN
lF (PCT.LE.O.O ) PC1:I.
ANSA=0.
SUM 1 SUM2EO .00
SO FSIMP (XL ) .FSIMP XH)
SO1 SUM1 ; S02=SUM2I SUMLUO .OO I SUM2~ 0.D0
DX XH—X L
N:?

I F ( DX . G T . 0 . O )  GO TO 10
IF (DX .EQ .O.O) GO TO 200

ER XL
XL XM

XM ERR
DX — DX

10 CO N TI NUE
X XL •O.SDO*UA

S 1= O • D O
20 CONTINUE

X X X
S1 S1+FSIMP (XX)
N N +  1
X=X •DX
IF (X.LT .Xh) (,O 10 20
ANS (SO+4.DO~~S1 ) DX/6.DO
IF (ANS.EQ .0.) GO TO 150
E PR lOO. * (ANSA /ANS_1.)
IF (E RR.GT. 100.) ERP=100.
I F (EPP.LT.— 1 00.) ERR=—10 0.
IF (N .LT .NM IN ) GO TO 50
IF(N.GT .NMAX ) GO TO 100

IF (A~~S (ERR).LT.PCT GO TO 100
50 CO NTI NUE

AN SA ANS
S0=S0.S1.S1
SOl=SO1•Su M1 +SUM1 $ S02 S02.SUM2.StJM2
SUM 1 SUM2EO.D0
D X 0  .500’DX
GO 10 10

100 CONTINUE
SUM1 (S0l.4.DO•SUM1)~~DX/6.D0$ SUM2~~(S02.4.D0’SU M2) DX/6.flO
IF (X~~.GE.XA) RETURN
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AN SE—A N S
SUM1 — SUML $ SUM2 —SUM2
RET URN

150 CONTINUE
IF( N.LT. NMIN) GO TO 50

200 CONTINUE
A NS O.0
ERP O.
SUM 1~~SUM2s0.D0
RETURN

ENI)

—4 ~4’
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FLNCT InN FSIMP(X )
COMMON /ISSwN /ISSWS. !5SW6
C O M M O N , T  A B L E S / N T  AS , AEFS.E TAB ( 500) .F TAB ( 500)
COMMON/PEACT/E,SIGh.A ,0.LCT,NL,PO,P(25),M1,M2,M3 ,M4,FLAG,XLIM
CCMMON/PEACT2/ET ,A ,8,C .D,AC,DB
DOUBLE PRECISION SUMI,SUM2
CCMM flN /EXT RA /SUM1 ,SUM2
DIMENSION POL’V (25)
REA L M1,P42,M3,M4

E4=M4*Ml*E/ (M1.M2)•*2
IF (ISSw 6.EQ .1) GO TO 1?
IF (LCI.NE .1) GO TO 10

C LCT = 1 X IS THE COSINE OF THE LABORATORY ANGLE
CON DB_ (1 ._ X*X)
IF (CON .LT.O.0 ) GO TO 100
CON SQPJ (CON)
E3 8*ET* C X +CON ) ~~~GC TO 16

10 CCNT IN UE
C LCT : X iS THE COSINE OF THE CENTER OF MASS ANGLE

E3=ET~ (R•D. (AC .AC)*X )
I~- CC NTIN ’’F

I F ( E 3 . L T . O . 0 )  60 10 100
E4:F T—F3
IF( E4 . L T . O . O )  GO 10 100

1, S!G P O
IF (ISSwS.{Q.1.OR .ISSW6 .EQ .-1 GO TO 18

CALL LEG POL (NL,U,POLY)
DC 15 I 1,NL

1~ SIG=SIG.P (I) ~FOLY (I)
1~’ CCNTINUE

E P S=E ‘.. * AE PS
F F T A ~ (1)
IF (NTAR.LE .1) GO TO 50
F=1 .
IF (E 4.LT.1.U— ~~0) GO TO 50
V (ALOG1O (EPS)—ALOG1O (ETAB (2)))•31 . .2.

NEV
IF (N.LT.2) N~~~
IF (N .OT .NTAB— 1 ) N=NTA S— 1

20 IF (EPS .GT .ETAB (N .1-) GO TO 25
IF(EPS .LT .ETAB(N ) GC TO Jo
F=FTAF3 (N ).(FTAR (N.I )—FTAB4N )).(EPS—ETAB4N ))/(ETAB (N•l )—FTAB (N ))

GC TO 50
25 NZN•1

IF (N.LT .NTA II— 1) GO TO 20
WRITE (~~.26)EPS.ETAR (NTAR)

26 FO RMA T (’ REDUCED ENERGY EXCEEDS TABLE. EPS EI ,1PE12.5,

* ‘ WHILE MAXI M UM VALUE IN TABLE IS’.E12.5/)

50
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F.FTAH (NTAS) •ETAB (NTAI) /EPS
GO TO 50

30 N~ N—1
IF (N.GT.I) GO TO 20

(2 )  )
~~

( (EPS/ETA R (2) ) ••O. 166667)
GO TO 50

50 CONTINUE
SUMIESUM1•E4*SIG I SUM2zSUM2 •SIG

FS IMP S E4* F* S IG
RETURN

100 CONTINUE
FSI MP O. 0
RE TURN
END
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SUHPOUTTNF FSIMPO (X)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CCMMON /PEACT2/ET ,A,R,C,D,AC ,DB
R E A L M1.M2,MJ,M4

ET=E •Q
IF (ET .LE.0.0) GO TO 1000
U i 1 . / ( ( M 1 , M 2 ) ( M 3 . M 4 ) )
A=M1*M4.E~ U/ET
B=MI .M3*E*U/ET

UEM2* U* ( 1 . + M 1 * 0 / ( M 2 * E T ) )
IF (U.LT.0.0) GO TO 1000

C=M3~~U
D M4*U
AC SQRT (A ~ C)
DB=D/B
XL IM —1 .0
FLA G :O . O
IF (D .LT.R.AND.LCT.FQ.1) GO TO 1010
RETUPN

1000 CONTINUE
C REACTION PELOW THRESHOLD.

F LA G = — I.
PE TURN

1010 CCNT IN U E
C THE ENERGY OF ‘h-il LiGH T PARTiCLE iS DOUBLE—VALUED.
C THE MINIMUM VA LUE OF THE COSINE (XLIM) IS RETURNED TO THE CALLING
C PPOGPAP ’~. ATTEMPTED USE WILL YIELD A CALCULATION FOP THE
C HI GHER ENERGY BRANCH FOP THE LIGHTER PARTICLE (THE LOWER
C ENERGY ~ RAN CH OF THE HEAVY PARTICLE OR INTEREST).

X L I M 0  • 0
FLA G I .0
U 1  • j )k
I F ( U .G T . 0 . 0 )  A L I M S Q RT ( U)
~E TURN
END
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SUBROUTINE LEGPOL(N,X,POLY)
DIMENSION POLY (1)

DOUBLE PRECISION Y,U.V
Y E X
IF( N)  10, 20 ,30

10 W R I T E ( 6 , 1 )
1 F O R M A T ( ’  ERRO R IN CALCULAT iON OF LEGEND RE POLYNOMIALS ’ )

RETURN
20 POLY (1).0. $ RETUR N
30 DC S I~~1.N
S POLY (I)~~0.

POLYCI).Y I IF (N.EQ.1) RETURN 1 U 1.D0 I V Y  I J— N— 1
DC 40 1 1,i

$ U~ V $ V .1’
‘.0 PO LY ( I • 1 ) * Y

RETURN
END
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