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1. The General Problem. 

This document attempts to explain how the reader can calculate the 

contribution to elastic photon-atom scattering due to Rayleigh scattering 

(the scattering off bound electrons) in the photon energy rant>c 

100 eV < W £ 10 MeV. All intermediate calculations are described, including 

the calculation of the potential, bound state wave function, matrix elements 

and final cross sections. 

Since elastic scattering is a coherent process, the total elastic 

scattering cross section is the squared sum of the Rayleigh amplitude and 

all other elastic amplitudes (including nuclear Thonson scattering, nuclear 

resonance scattering and Oelbruck scattering). Well below 1 MeV it is 

generally reasonable to consider the bound electron contribution as dominant 

and to compare cross sections determined solely from the Rayle^gh amplitude 

with experiment. 

For this calculation of fUyleigh amplitudes, the atom is pictured as 

consisting of an infinitely massive structureless point of charge Ze and N 

bound electrons. The electrons move in a common cen f.ral self-consistent 

potential derived from the Coulomb field of the nucleus screened by all the 

electrons. The total Rayleigh amplitude is then expressed as the sum of 

amplitudes due to scattering of a photon off of each electron independently. 

Each electron Is described by a wave function which is the solution of 

the Dirac equation in the common central potential, thus taking into account 

the dynamical effects of spin and special relativity. Higher order QED 
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effects on wave functions such as the Lamb shift are not considered. The 

central field approximation, neglecting electron-electron correlations and 

approximating exchange, by a local exchange potential, simplifies the 

calculation of the wave functions. In this approximation all the electrons 

move in a single, relativlstic central potential determined by the mutual 

interactions of all the electrons and the nucleus. This apnroach to 

obtaining a potential and atomic wave functions Is called the 

Dirac-Hartree-Fock-Slater (DHFS) method. The potential and wave functions 

are determined in a "self- consistent" manner. A trial potential is 

assumed, and the wave functions calculated for the electrons. The 

charge density resulting from the wave functions is used to determine a new 

potential and the process Is repeated until the wave functions and potential 

are unchanged between iterations to within a specified tolerance. 

In obtaining such a self .-onsistent description of a atom one must 

choose a local exchange term which which Is an approximation to the nonlocal 

term in the full Hartree-Fock coupled differential equations. The local 

approximation most extensively used in the calculations performed with this 

code is the Kohn-Shnm exchange term which Is 2/3 of the term originally 

proposed by Slater. Since the potential each atomic electron sees at large 

distances is that due to the nucleus of charge Z screened by N-l electrons, 

the atonic potential obtained as described above is also commonly modified 

by forcing it to fall off as (Z-H+l)/r for large distances (Latter tall, Z 

Is the atomic number and N Is the number of electrons.) For details on 
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conputing the potential and wave functions see section 5 below. 

Two integer quantum numbers, n and K, uniquely characterize the 

electron wavefunctlon, where n ( j> 1,) is the principal quantum number and K 

(••! |[< " , K 4 0) it the angular momentum and parity quantum number of 

the wavefunction (K-T (j+1/2) as j - I + 1/2, where j is the total 

angular momentum and 1 is the orbital angular momentum.) 

From the Pauli principle, each subshell can contain at most 2j+l 

electrons. In the ground state of the atom, the inner subshells of all 

atoms are filled first (Bmall n and |K|). With Increasing atonic number 

subshells of increasing n and K are filled* For the outer BubaheU9, 

though, correlation and exchange effects which are neglected in the DHFS 

method are increasingly Important. The occupation numbers are not uniquely 

determined within this model (see ref. 7 for occupation numbers determined 

from photoeffeet) • In the energy range considered (above 0.1 keV and below 

10 MeV) the inner shells dominate the Rayleigh amplitude, except at very low 

energies and forward angles, again Justifying the use of the DHFS model. 

For convenience the order for the filling of the inner subshells In this 

model ts given in table I. (This table is useful in forming input files for 

the programs and shoving the correspondence of the notation with others.) 

In a relatlvistic, single particle, central potential model the 

wave functions are of the general form 

' i 
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/(G K(r)/r) " K m ( r ) \ 
| n K r a > - ' * » ' 

VlF K(r)/r) fi.Kffl(f)/ 

where G„(r) and F K(r) are the radial wave functions. In thes» functions 

n Is the principal quantum number, K la the annular momentum and 

parity quantum number of the wave function and Is eiven by K • +(J + 1/2) as 

j • I i 1/2, where j la the total angular momentum of the wave function and 

I is the orbital angular momentum. The functions ^„ (ft are known 

Junctions of the angles with m being the component of j along the Z axis nf 

the coordinate system. 

In the single particle model, the photon-electron scattering is 

described, in lowest order, as a secoH order quantum electrodynamical (QED) 

process in the photon-electron interaction. The matrix element is 

characterized by the following two Furry diagrams, labelled (a) and (e): 

Diagram (a) depicts the process In which the photon is first absorbed, while 

diagram (e) represents the process in which Che photor. is first emitted. 

The electron is seen as absorbing (emitting) a photon, with energy W, 

propogatlng in a manner determined by the Green's functlun (electron 

propagator), and then emitting (absorbing) a photon and returning to its 
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Initial state. 

The Raylelgh amplitudes are calculated usin^ an "exact" 

partial wave expansion for each subshell, as developed by G. E. Brown 
2 3 

et al. and W. R. Johnson and F. D. Feiock to obtain dominant subshell 

amplitudes. (For hi<>h subshells often a modified form factor may be used, 

see Section 2 below.) 

The relativistie second order S-natrlx Is the sum of the two diagrams; 

I.e. , 

S f i ' S f i S + Zti 

corresponding to diagrams (a) and (e) respectively. The electron propagator 

(Green's function), which is represented by the connection between the 

vertices in rhe diagrams, may be expanded in terms of a generalized sum over 

all states. This results in the following expressions for the S-matrices: 

and 

S Ce),^iei + f c ^ (<flAjnxnlA^I 
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-*• "*" IK1 r where A is the photon operator (o * £ e ) and S Q denotes the 

generalized sum over states* ' 

The total S-matrix may now be written as 

S £i" - ~ " ! : / ? < E i + k i - E f - V M f i 

where 
'<f)Af Inxn^j i* <f (AjnxnlAj |i> 

M f i ' S n I W ^ + E i " E

n

 + k f 

The photon operator A can be expanded in a nultipole aeries 

J,MjA 

where J, H are the photon multipole angular momentum Indices (total, 

projection) and X(»0,1) characterizes the parity of that multinole; i.e., 

whether it is a magnetic or an electric multipole. 

When this expansion Is inserted into the matrix element one obtains 

X X' 
Mfl " ^ j ^ J M ( k i , C J'M' ( kf ) MJMX.J'M'X' 

where / %" ^ 
/<glA j ( H,(£)|n><n|A J H|g> 

"jMX.J'M'X' * S E + W - E n i g n 
<g|A^(l)| n>< nlA^ M,(f)|g> \ 

+ E - W - E I 
, 8 n / 
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Here the expression has been ppeciallzed to the Rayleis>h case by setting 

|i> « |f> • |g> • |nKn>, and k - k- • W. These expressions contain one 

electron's contribution. 

This matrix element involves a 6-dimenslonal int»»ral. Therefore, 

before its numerical evaluation is attempted further reductions are made. 

By defining "perturbed orbitals " 

In&.f • S 
|q><q|A jj,|nK-n> 

E „ + V - E nK q 

and 

|nKm-> -§ 
|q><q|A ĵ nKm---

E „ - W - E nK q 

the matrix element may be written as 

+ <nKn-|A j»M*(f)|n&n>. 

The perturbed orbitais |nKn+> aad |nE«-> represent the result of absorption 
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and emission, respectively, of a photon (energy W, quantum numbers J, H, X ) 

by the Initial bound electron. By applying the D'rac equation It Is found 

that they satisfy the following inhomogeneom Dlrac equations! 

(B „ + V - H)|nK»+> - A t u|nKm> nK Jrt 

and 

<nKa-|(E n R - W - H) - <nB»|A M , 

where H Is the Dlrac Haralltonlan. "ir the case of a central atonic 

potential, these perturbed orbitals can be expanded In a spherical basis 

with the angular dependence described by known functions (analogous to the 

expansion for the photon operator). For example |nKmt> can be expanded as 

f. r*i 
fo- (r)/r) "K B < & \ 

|n&rj>-l 

' VVlT, (r)/r) 0 „ „tf) 
V - k i " 

A large reduction In complexity now occurs because of the triangle 

conditions on the various angular functions, which have welJ known an.-.lycic 

Integrals. Furthermore, the radial functions do not in fact depend or. - . 

After a l l the angular dependence has been removed analytically, there 

remains an inhomogeneous radial Dirac equation for each of the K.-th 



Pane 9 

radial exponents In the expansion of the perturbed orbital. These are 

evaluated numerically. 

The nethod chosen for this work was suggested by Brown <tnd Schaefer 

and It similar to the method of variation of parameters. In this method 

the solution la expressed as a linear combination of linearly independent 

solutions of the corresponding homogeneous Dirac equation with the proviso 

that the coefficients depend upon position; for example for S_ (r) 
*1 

S K (r) -C A(r)f(r) +C B(r)«(r). 

The coefficients are determined by integrating over the product of the 

homogeneous solution and the radial part of the driving term of the 

lnhomogeneoas Olrac equation. Because the angular integrals in the matrix 

clement, K „ _ , ,,„.-*,» are evaluated in terms of known functions JnA,J M A 
(legendre polynomials of x * cos©, to be precise)• the problem has been 

reduced to the calculation of radial matrix elements, called here 

R-iategrals, for each value of %, J, K, allowed by triangular conditions, 

•nd for + U (absorption first/emission first). These R-integrals are 

defined aa 

t^)'^\f)\^\f)\)^ 
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k and L. are products of the radial components of the bound 

KI Kl 
state wave functions and the spherical Be99el funclions from the 

aultipole expansion of the photon operator. 

The spin-angle coefficients obtained analytically enter into the 

anplitudaa when the sun on K, is performed. The result of this sum is 

called an X-aiplitude and is defined as 

where 

X j (W) - I F* <R X
J ( ( 00 t ^ j u (-")> 

K. 1 1 

f(K4K 1) 2(2J 1 + l)(2j + 1) A ^ , for A-0 
J(J + 1) l 

L (J+I)(2j1 + )(2j + ) A R J K . for X- 1 

with A being the spin-an^le tern defined as 
KJK| 

< ZJl + l) V 
C (jJjj? 0) for K+J + Kj even 

for K + J + Kj odd, 
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with the C'a being the coupling coefficients. 

If the Rayleigh amplitude Is decomposed Into components corresponding 

to photon polarization parallel and perpendicular to the plane of 
R R scattering, (A .. and A . respectively) then, in terms of the 

X-amplitudes ve can write these components as 

A R,,(W, ) •-irF I I(e)x 1
IM + F I U(e)x 0

tfW)) 
1 1 J-l J J 

snd 

,HI„,.l „ n , „!!, A ,(B, ) - -I(F (eir^B) + F"(6)X j(W)) 
•*• J*l 

with F and F known functions of the angle of scattering, 9. 

For elastic scattering the differential cross section for unpolarlzed 

photons where the final photon polarization Is not measured is 

2 
du , re .̂R ,2 . ,.R ,2. 
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where r is the classical electron radius. 
e 

The differential elastic scattering amplitudes An.A, include the 

sum of all elastic processes: 

A n * A ii + A ' i r 
and 

A. - A R. + A' 

R R vhere A .. / A . are the Rayleigh amplitudes and A',, / A', are 

the sums of all other elastic amplitudes* 

2. Approximations Used 

Aside from the obvious approximation of neglecting higher order QED 

effects, the most fundamental approximation is the use of the central 

potential, independent electron model. This means that the basic 

interaction is considered to be an interaction between a photon and an 

electron in a potential* Many body effects (electron-electron conelations 

and core relaxation) at« neglected. It can be argued that in the energy 

range considered these effects should be small. The approximation 

should be better for higher photon energies and larger atomic numbers. The 

inner shell structure becomes less dependent on the outer elections for heavy 

atont (the inner shell wav»functions become more hydrogenlc), and higher 
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energies enhance the relative contributions of th-» Inner p w of the atom. 

Distinct from these physical approximations Is the use of a 

modified form factor approximation to estimate the contributions of outer 

subshclls for the total atom amplitudes at higher photon energies. Thi") Is 

desirable for higher Z and H due to the computer time required to calculate 

the "exact" subshell amplitudes. (For photon energies above 25 times the 

K-shell's bidding energy this Is an excellent (1-2Z) apnroximatlon for all 

shells.) As is typical with the use of multipole and partial wave series 

expansions, higher incident energies require calculation of more terms of 

the series for convergence. Thus, except in light elements, it is 

advantageous to not calculate all aubshells exactly, but to use the modified 

form factor predictions whenever possible. Fortunately with increasing 

photon energies, higher subshell contributions become relatively soaller 

except at forward angles and a form factor estimate of them becomes more 

reliable. The use of a simple approximate method for higher shells Is 

warranted. Recent calculations allow us to put some rough limits on the 

validity of the modified form factor (see table V) . 

Taking advantage of these results, the final program which tabulates 

differential Rayleigh scattering amplitudes nay optionally use a modified 

forn factor approximation (HFF) to estimate the contributions of some (or 

all) shells. 

The sodifled form factor is defined as 

sin q r 1 _2j 
g ( q ) . * / p(r) fiJAI ^ A r 
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where q i s the momentum transfer in units of m c and is related to the 

momentum transfer in inverse angstroms by Q(A ) - 20.61q(m c ) . A 
e 

lengthy discussion of this approximation has been given by Kissel. 

Use of the modified form factor approximation is entirely user 

dependent. The user can calculate partial wave results for as many inner 

subshells as is deemed appropriate. These calculations are performed with 

the ENT5 and SHELL programs. 

For the reBt of the subshells, the user may use the program MFSTR1 to 

calculate the modified form factors. The results are combined in the 

program TABX5 which tabulates differential Rayleigh scattering amplitudes 

and cross sections as a function of angle and momentum transfer. Detailed 

descriptions of these programs will be found below (sections 5-8). 

It is suggested that the MFF be used only for those subshells whose 

binding energy is a small fraction of the photon energy (see Table VI). For 

a photon energy close to that corresponding to a radiative transition to a 

lower bound level it is also necessary to calculate the corresponding 

shell's amplitude exactly. Also the MFF is never used for the K-9hell 

(except for extremely high energies) since for large momentum transfers (q _< 

10 A ) the "exact" K-shell amplitudes are required for use with the MFF 

to estimate higher shells. The K-shell modified forms factors are required 

as well, not for calculating the K-shell amplitude, but for scaline the 

higher shell modified form factor predictions when q > 10 A - . 
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3. Range of Physical Variables 

The programs have b?en designed to work for all atoms with k Z< 137, 

and all Incident photon energies above 0.1 kev and below 10 Mev (except at a 

bound bound transition energy). The code will reject any energy or atomic 

number not In these ranges. The reason t' t the tmper limit on Z la that the 

Diric theory for s point nucleus falls for Zo > 1, where o Is Che fine 

structure constant equal to approximately 1/137. The lower limit on the 

photon energy is due to the neglect f exchange and correlation effects in 

the DHFS model. Exchange and correlation effects would have to be 

considered below 0.1 kev. Furthermore the photon energy should be high 

enough so that inner electrons of heavy (high Z) atoms dominate the Rayletgh 

amplitudes. The upper end of the photon energy range 1B restricted because 

above 10 Mev the Implicit assumption of a infinitely massive, structureless 

poin f nucleus becomes questionable. Fortunately at these very high energies 

the Rayleigh amplitudes at other than forward angles become insignificant 

relative to the total elastic amplitude. 

Within the 100 ev to 10 Mev photon energy range, there is the further 

restriction, caused by the neglect of the finite atomic level widths, that 

the photon energy must not be too near a bound-bound transition energy. A 

resonance occurs at photon energies equal to a bound-bound transition 

energy.W <v|E. - EJ where E. and E f refer to two bound state 

energies in the self-consistent potential. For photon energies below the 

photoeffect K-edge, this condition should be checked using the energies for 
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the bound state orbitals calculated by the RSCP program. The 

Rayleigh scattering code should be valid for energies farther than 1 <?v from 

a resonance• 

The validity of tho calculated results for neutral, ground state atoms 

within the variable ranges defined above hta been extensively checked. 

However, the same cannot be said for the cases of ions and excited atoms 

where extensive calculations have not yet been performed. 

There are several other input variables which are limited by 

definition. The principle quantum number must be a non-ne<>ative integer 

(« > I). The bound state angular momentum and parity quantum number, K, 

cannot be *ero, and is restricted by the program to be a small integer (|K| 

j< 10). The program performs internal cheek"! on these values. Consistency 

of data files (such as bound state vave function checked against the 

potential) uaed In the calculations with these parameters is also 

internally checked. An inconsistency will generate an error message and the 

execution will be terminated. JMAX, the maximum number of photon multtnoles 

that may be calculated, is limited to 300 by the code. 

1. Philosophy of Code Design 

The code is designed to operate in a modular fashion, each module of 

calculation being as much as possible independent of the others. This 

nodular design led to easy and efficient debugging and modifications. 

Each cycle of the main program ENTS is devoted to the calculation of 
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one E-lntegral of a given get of indices J. LAMBDA, KB, IORD. This 

structure allows the program to be stopped and restarted readily, requiring 

the storage of only the resultant R-integral of each cycle. 

During one cycle of ENT5 modules are called separately that calculate 

the outward and inward solutions of the homogeneous Dirsi equation 

corresponding to the inhomogeneous Dirac equation, coefficient* of these 

iiolutlont a(r) and b(r) (for constructing the perturbed orbital), and 

finally the It-integral. (See section 6 below for wore details,) 

The code is designed to allow a strong sense of confidencp Jn th» 

results since each module checks its input and uniquely identifies Its 

output. The programs are filled witj internal consistency checks which 

protect against blunders. All input to both the main program Rnd 

subroutines is checked to be sure that it is physically reasonable, aid 

agrees with the data the programs may have from other sources (fnr example, 

data in COMMON). 

The calculations performed in the code have been done with a view 

towards using "matched" numerical methods. The calculations performed 

(integration of a differential equation and numerical quadrature) ell deal 

with numerically evaluated input data, versus analytically known quantities. 

Because of this,the methods used could not be of too high an order, since 

the errors introduced would depend on higher derivatives of the numerical 

data which are not always accurately given by such numerical data. The 

output to some modules becomes the input of others and so the numerical 
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methods used In two such related modules are matched In order to avoid the 

loss of accuracy or introduction of new error? 

Furthermore, the methods use variable step-sizes in the lnteorstion of 

the differential equations, and in the evaluation of integrals. Variable 

step-sizes avoid wasted computer time. The greatest time is spent in the 

regions of calculation requiring the greatest accuracy- The step-sizes are 

varied in accordance with explicit error estimates made at each sten of the 

calculation. 

To keep track of the reliablility of the final results (as far as the 

numerical errors are concerned) error estimates are made and accumulated at 

each step of the calculation. This requires the consideration of 

propagation error and truncation error. The former is due to errors in th° 

input data leading to further errors in subsequent results. The latter is 

due to the use of the particular n-imerical method at each step. 

The close monitoring of errors allows one to state that within the 

ran ê of the physical model, the numerical methods nlve results accurate to 

the user's requested tolerance. Results better than 12 are obtained If the 

program's default values are used. 
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Descriptions of the Codes 

5. RSCF—Relativistic Self Consistent Field Program. 

This code produces the self-consist"nt notential <nd wave-fimctinns for 

an atom or Ion by the method of Liberman et a l . , to which we refer the 

reader for a discussion of the SCF method. The options available are 

determined by CARD4 and include: Slater exchange or Kohn-Sham exchange (2/3 

the Slater term), with or without the Latt-r ta l l (r V(r)) »> (Z-N+l) a« 

r -> «°), and the Roaen-Lind»ren potential . Th" Kohn-Sham exchange with 

Latter ta i l has been used most extensively and has proven satisfactory in 

the keV region. 

A. 1/0 Summary for RSCF(see fl<»s. 2,11). 

Device 5 Input: > • 

CARD1: Comment Line, -80 ASCII characters in FORMAI(8A10) The f irst 5 

characters are duplicated in columns 73-8C of the output for 

identification. 

CARD2: ZN, XION, RNUC in FORMAT(8G) 

ZK « atomic number 

XION « Ionic charge 

RNUC « Radius of the fcrleus 
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See Table II for a definition of th°s°. variables. 

CARD3: RN, H, PHI, EPS, DEL, DELRVR In F0RMAT(8G). 

RN « the maximum radial position of tho output In Bohr radii . 

RN • 0.0 defaults to RN • 60.0. 

H • A multiple of 6 used to de'ermine the step-alze. || » 0.0 

defaults to H - 32.0. 

PHI • potential avera»in<> factor (VtNEXT Iteration) « 

V(F0RMER Iteration) + PHI*V{as comnnted from this Iteration)) . 

PHI - 0.0 defaults to PHI - 0.3. 

EPS « practical Infinity for the notertlal In Bohr radii . 

EPS • 0.0 defaults to EPS - 75.0. 

DEL • Accuracy requirement for th» el»envali!°s. DEL • 0.0 

defaults to DEL « 5.0 xl0~ . 

DELRVR • Accuracy rpo'iirement for convergence. DELRVR •= 0.0 

-4 defaults to DELRVR • 1.0 x 10 . 

CARD4: KPOT, XALPH, XLATTR, XNHN, FEX In F0RMAT(8G) 

KPOT - 1 ->»ew Potential specified by XALPH, XLATTR. XNNN 

KPOT - 2 -> Kohn-Shan potential with no Latter t a i l . 

KPOT « 3 ->•Slater potential with no Latter t a l l . 

KPOT » 4 -> Rosen-Lindgren Potential. 

XALPH - Exchange coefficient (1 for Slater exchange. 2/3 for 
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Kohn-Sham). 

XLATTR - 0 -> So Latter t a i l . 

XLATTR - 1 -> Use the Latter t i l l . 

XNNN - 1 for KPOT - 1, 2, or 3 (this In th° dofqnlt If JOT • 

0.) 

XNNN • wist be sppcifled for th° Rnsi>n-Lind<>rpn Potential. 

It Is an Input number for th" exchmnp frm. »»<• R»f. 3.) 

FEX Is a control parameter for f• «» "lpctron purhannp 

potential and bindin" pnpr<»y calen' .Ions. 

FEX • 1 -> Ener»y dependent free-plectron pxrhiooe. 

FEX » 2 -> Approximate Hartrep-Fock pneroios. 

FEX - 3 -> Enertlps by difference from thp total pnprov. 

CARD5: J, NCI, N, NPRINT, HDEBl'C In FORMAT (8G) 

J • the number of electron orbi ta l s . 

NCI " the maximum number of cycles bpforp th° rpsults arp 

dumped and execution ends. KC1 » 0 default's to NCI • 30. 

N • the number of points In the radial mesh. N - 0 default" 

to N «= 421. 

NDEBUG * I -> Increase the number of printed d i a g n o s t i c . 

NDEBUG * 0 -> Minimum number of diagnostics. 

CARD6: For each orbital (I - I,J). 
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XH(I), XL(I), XJ(I), XE(I), XZ(I), ECOND in FORMAT (8G). 

XN(I) • The orbital's nrtneinlp ("mntum number. 

30,(1) » Its orbital an<Milnr iwumtum. 

XJ(I) • Its total angular mtprivm* 

XE(I) • Its estimated binding nner^v in Rydbpr»s (IRv • 13.A 

eV), XE(I) 0.0. 

XZ(I) • Its occupation number (2 v XJ(I) + 1) for full 

orbitals. For nartlsll-> f i l l ed orhitals, we sn'oost the 

occupation numbers deduced from photoionizatlon. 

BCOHD » 0.0 (BC0ND - 1.0 s'mtild »1VP W'iener-Seltz boundary 

conditions. This option has npver been tried with these rndeq.) 

Device 6 output: Lin* printer output containing 

(a) the input data verbatim 

(b) error estimates for integrations, e tc . 

(c) energy eigenvalues In kpV 

(d) a table of radii 

(d) the charge density 

(e) a l i s t of potential screening factnrs, and 

(f) a copy of the device 7 outpyt. 

Device 7 output: (See Fit;. 12) 

Lines 1-90 contain the re lat iv is t lc potential. After line 90 



Pa»e 24 

come the vavefimctions. The potential and wavef unctions; sire 

"packed" on this data f i l e . Th» Program LtfF s°narates th» wave 

functions from the rest . 

B. LUF.F4 I/O 

LWF.F4 reads the device 8 output of RSCF, and th» ua»r nunnllAd Inrmt 

from device 5 which specifies the desired wavefnnctlon, and outwits this 

wavefunctlon in a forn suitable for later ns» hv EJJT5 and MFS1R1. Th° user 

supplied input 19 

Line 1. IZ » atomic number 

Line 2. N,K where H • Principle ouaotin number ,and K « quantum mmb»r 

combining the total an»ular momentum and the parity. K^F(j+l/2) as j«.lrl/2. 

Line 3. FMAME - a 10 character ASCII strin» containing the DEC-10 

filename and extension Into which the resulting bound 9tate will be written, 

in FOftMAT(AlO). 

LWF is an interactive program. All of the numbers are rpad In 

FORMAT(SG). 



Pl<-« 25 

6. ENT5 

ENI5 is the central pro»ra"i In the "alcnlatlor of the 

Raylel<*h scattering amplitudes ( f lovhart Fl". <)• TV subroutines of ENT5 

cnlctilnte the perturbed orbitals and the P-lot'TAls, which ire co-nblied In 

EOT5 to form X-nmplitudes. (These nunntltles ire defined In S»rrton 1 and 

derived In Ref. 1.) As described In Section A, th» calculation Is done In n 

modular fashion, each connlete rycle of th*se -mdnles "valiiates one 

R-lnteoraJ of Indices J, KB, LAMBDA, 10.11.'. After »*rh R-infaral is 

calculated, th? run tln» Is checked a>v»tn*t TSIOP. If It Is ore-iter than 

TSTOP calculation ceases and the pertinent data (R-lnteorals. X-aitpHtiid°s) 

are dumped onto Intermediate storage f i l e s (Devices 7, 8, 9). Th= nroerei 

Is reqneed and the calculation restarted. This nmcess continues until th» 

multlpole series has convened or the naxliin number of nhoton "mltlnoles 

has been exceeded. The principal rpsults are output Into th» f i l e s 

associated with device 7 (R-lnte»rals) and device 9 (X-annlitudos). All th» 

other storage f i l e s generated during the execution of ENT5 Ttiav b<» deleted 

upon convergence of the series . 

A. TO USE ENT. 

(Filenames used here are for convenience of discussion.) 

(1) Have available the following f i l e s on disk: Lnn.POT (contains 

atomic potential data, nn is atomic number), subshell bound state data f i l e 

(from LWF), ENT5S.SAV (core ima^e of the loaded object codes of ENT5, with 
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the subroutine packages 0RB5 and INT5 and remilred nt l l l tv subroutines). 

(2) Create the following f i l e s on disk: 2 blank f i l es (railed h»re 

CSTR and K.STR) which will be used as Intermediate storage dnrine tb» 

calculation; a main Input f i l e (E.CDR). 

B. I/O Summary for ENT5 

Device 5 Input: 

The Initial control parameters are nlaced on thin device wh»n 

the calculation is started. Fl«. 13 show the init ia l f i l e for 

+4 C • Init ial ly , there r>re onlv f - l ines . Thev contain th» 

following Information (s«e Table III, "Global Variables of ENT5"). 

Line 1. RUN, T3T0P In FORMAT (A6,F]0.3) 

Line 2. K, KA In FORMAT (415) 

Line 3. IZ in FORMAT (415) 

Line 4. WIN, IUNITS in FORMAT (1PD15.7, 15) 

Line 5. JHAX, JINC in FORMAT (415). Note JINC i s absent in 

the fi^i're, JINC v i l l be read as 0 and assigned a default valtv; 

JINC « 1. 

Line 6. ERROHB, ERRIHI in FORMAT (1P5D15.7) 

Line 7. RHAX1, RMAX2, RMAX3, T0LER1, T0LER2, T0LER3 in 

FORMAT(1P3D12.4,31>10.2) 

Line 8. XHAX, XOLER in FORMAT (1PD12.4, D10.3) 

ENT5 contains default values for the data in l ines 6-8, see 

Table III . 

i 
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When a calculation Is res ta r ted , l ine 9 of th i s f l ip onntains 

the principle r e s t a r t control nara-ieters J, KB, LAMBDA, and 10RD 

of the last calculated R-lnte<>ral. A l i s t of X-ainlltudei alreadv 

calculated and, below each X-anpllttide, the absolute e r ror In that 

amnlltude appear fro"i l ine 10 to the end of the f i l e . 

ENT5 reads In the above variables tihether this Is a nev 

calculation or a r e s t a r t . TVy ar» defined In Table I I I , "Global 

Variables of ENT". 

For a restar ted calculation the device 5 innut data Is 

Identical to the device 9 output of th° nrevinus ca lcula t ion. In 
i > 

order to r e s t a r t a calculat ion, t h i s device 9 nutnut mist be 

transferred to device 5 as input to the new calculat ion. 

Device 4 input: 

Input on device 4 (K.STR) is used to indicate to ENT5 which 

solutions to the Dirac eciation have alreadv been calculated and 

stored. I n i t i a l l y i t i s an empty f i l e . After a run of ENT. a 

l i s t of filenames of solutions that have been calculated is nntmit 

on device 8. This should be used as input on device 4 on the nmtt 

run of ENT. Kew solutions calculated on this next run wil l be 

added to the l i s t and output on device 8. 

K.STR contains a l i s t of the filenames used to storp the 

inward and outward solutions of the homogeneous Dirac eouation 

calculated by subroutine ELM. The purpose of t h i s l i s t i s to keen 
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track of which solutions neve slready been commited. Of the four 

indices characterising an R-lnte<;rnl these solutions are 

identified by 10RD and KB only. A solution characterized hv IORD 

and KB may be required for several K-lite<»rflls which differ it J 

and LAMBDA. 

An example of K.STR Is shoin in 11" . 16. F.Th entrv is 

stored in ASCII -trray SLIST(I). 

Device 12 input: 

The homd s ta te wave function is innut on device 12 

throughout th" ca lcula t ion. 

Device 6 output: 

If the computation i s not nroce*din» normally er ror mpssir>n<= 

amear here. Host of then wi l l be self exnlanatory. Some, 

though, wi l l return with i statement IFLAG=!1. TV values of IFLAG 

are "liven in Table IV. 

The normal Device 6 outpnt si«nals control thrown ENT5. When 

the multipole ser ies has converged. EKT5 l i s t s a l l pertinent data 

and nakes a l ine printer plot •>£ th= d i f ferent ia l cross s»cti"n as 

a function of an«le. A sample of the final device 6 output i s 

«iven in Fi«. 17. (But notice that the to ta l 

e las t ic cross section represents the analytic inte»ratlon over 

angles of the sura of squared amplitudes resul t ing from the current 

calculat ion only. In general the Raylei<»h amnlitiide i s not the 
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only Important e l a s t i c amplitude, l o t i l cross s=ctiori<! cannot b» 

calculated separately for Individual e las t ic nrocpsaes.) 

Device 7 output: 

This (C.STR) is a sen-ientl.il output of th» R-Inte«rals (th» 

par t i a l contributions to th* X-a-nnlitu.ies), and th° CPU t l " ° 

required for the calculation of each R-lntooral. This outwit Is 

never used a^aln by the currpnt irn»raii sorips, but th i s outiut 

would prove necessary if separat" total pair production cross 

sections are desired. Also, i t i s useful to iodica t 0 important 

contributions to the X-anplituies as <* function of J, KB, e t c 

Device 8 output: 

As described previously, onto device 8 (K.SIR) i s oiitnut th» 

l i s t of filenames containing solutions to the Dirac enuatlon which 

have been calculated by ENT5 and Rtorpd. This oiitnut Is then nsnd 

as device 4 input wien ENT Is r e s t a r t ed . 0-im the 

mtiltipole series has convened, K.SIR iay be deleted. 

Device 9 output: 

Onto device 9 is output a copy of the nain control naraiieters 

which were Input on device 5 at the s t a r t of the calculat ion, th° 

indices (J , KB, LAMBDA, IORD) of the las t calculated R-inte°ral , 

and a l i s t of previously calculated X-aiiplitudea with the i r 

maximum absolute e r ro r s . This output data will become the device 

5 input data(E.CDR) for a r e s t a r t o f the calcula t ion. 

http://sen-ientl.il
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Devices 10,11,13, *nd 14 irovlde Intermediate Internal storage, and nav 

be deleted after convergence of the nidtlnnle series . Device 10 

contains the outvard solution (the solution r»»nlar at the ori»lo) 

of Che hono?p-ieous Utrnc enuatlnn. See th« sections on ELK md 

SPRUCE below. E'»vice 11 contains th» lnw?rd solution (the 

solution regular at Infinity) of the homooenaons sr»li-»<"«. Spf 

the sections on M C and SrRUCE belov. Device 13 contains th» 

values as i function of r of coefficient B (COEFB). See the 

section on k'll.LOJ W o v . Device 14 contains th» valn°P of th» 

coefficient A (COr.FA). S<-c the s»ctlon on GINKGO b"lmt. 

C0;M0N BLOCKS: 

fata nassed fro-i MAIN (ENT5) to subroutines in both INT5 and 

0RB5 subroutine "a.ck-n-es. 

IVAYlV.ll, IZ, A 

/WALi'lTf/IPOI, AS, AIA'IB, $Z, ISZ, VX 

/BUCJi / L, KAPPA, DKAP. AJ. L, LP. GAMMA, PHASE. AMP. ISCALE. 

R3ST0P, R5SIOP 

/COKST/PI, ALPHA, RY, CON, ELOG 

Data p a s s e d from ENT5 t o INT5 s u b r o u t i n e nacksn»e. 

/POPLAR/EA, NA, KA, ANORMA, GAMA 

/ERRCHK/WRTE, WRFE, ORTE, GRPE, ATERR.ATERRI, APERRR. APERRI 

http://IVAYlV.ll
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C. Subroutines 

The major subroutines of ENT5 are contained in two subroutine nacka<c"»: 

0RB5 and INT5. The subroutines in 0RB5 nroduce two Unearlv indenendent 

solutions to the how>eneou<i Dlrac equation, Th» subroutines in 1NT5 

complete the calculation of the perturbed nrbftals i?nd n°rform th» radial 

integration to determine the R-lnte»ral. 

1. Subroutines 1/0 

The readable output froi these subroutines id<»ntifi»s Itself on th° 

Device 6 output shown in Fi». 17. It consists of diagnostics in th° caso of 

errors and lines si".nalin<r the call of th» niven subroutine. 

"RHAX - . . . KASV « . . . TOLErf - . . . " indicates that ENT has 

successfully completed input checks and has be îm a calculation of an 

R-lntet>ral. 

"START OUTWARD SOLUTION... MAX «= . . . " signals a cal l to ELM-

"TIME CHECK..." signals a RETURN Co ENX from a subroutine. 

"START INWARD SOLUTION... R.1AX « . . . " signals a call to SUI1AC. 

"CALCULATE (COEPB)..." signals a cal l to UILLOW. 

"CALCULATE (COEFA)..." signals a Call to GINKGO. 

"CALCULATE R-INTEGRAL..." signals a cal l to ALDER. 

The following signal flow through ALDER: 

"START DEVICE 10 INPUT; (GO, F0)" 

"START DEVICE 11 INPUT: (GI, FI)" 

X" 
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"START DEVICE 13 INPUT: (COEFB)" 

"START DEVICE 14 INPUT: (COEFA)". 

"CON:..." signals return to ENT. 

The dump i s performed next ( c > e Section 3 above). 

2. 0RB5 (Subroutine Pickup) 

These subroutines generate th° two l inear ly Indewndpnt solutions to 

the homogeneous Dirac equation. 

EU1 (RMAX, ERR.ISOL.ERRASY) railed by ENT 5 (flowchart Fi* 5) 

ELM controls the calculation of th» solution to th° hoinwpnpnus Dlrar 

ermtlon which i s regular at the o r i ' i n (the so-callpd outward snlucion). 

The solution i s in th» form of a vector with two radia l components ( G n ( r ) . 

F ( r ) ) . To take advantage of the known behivlor at the origin 

I ( r ) i- J. ELI1 i n i t i a l l v solves for ( S r ( r ) , T„(r)) - (G.( r ) . 

F„ ( r ) ) / r This le continued to RMAX, nr the f i r s t zero of S ( r ) . 

whichever comes f i r s t . Then ELM solves fnr (G^. F.) out to R = RMAX. 

RMAX -> see Table I I I . 

ERR -> Absolute error tolerance passed to SPRUCE. ERR controls 

integration step s i z e . 

ISOL -> indicates type of solution to be calculated (see Table I I I ) . 

ERRASY -> Error tolerance in determining asymptotic expansions of the 
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COMMON BLOCKS: 

/MAPLE/Z, I Z , A 

/WALNUT/IPOT, AS, ALAMB, SZ, ISZ, ,'X 

/BIRCH/E, KAPPA. »KAP, AJ, L, LP, CA.'1'IA. PHASE, A.MP, 1SCALE. R3STOP. 

R5STOP 

/CONST/PI. ALPHA, RV, CON, ELOC 

Data passed between ELM and Its sub routin»s 

/OAK/ EP, FM, CI, G2, H 

/PALM/ K, Nl, N2, N3, M , N5 

/PINE/ P, AKU, B, C 

/LATE/ ARRASY, CRR1, CRR2 

I 

ORIGIN (S, SP, T, TP) called by ELM 

ORIGIN determines the values of (Sg.TJ and their derivatives 

at the origin by means of a power series expansion of the solution- It 

assumes that the atomic potential can be expanded as 

V(r) - (-Z a/r)( l + Vj Xr + V ^ r ) 2 + V^Ar) 3 + • • • ) • 

No Input• 

Output (Sp.TJ and d'dr(S 0 > T 0 ) at the origin. 
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COMMON BLOCKS 

/MAPLE/Z, IZ. A 

/WALNUT/IPOT, AS, ALAMB, SZ, ISZ, VX 

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, CAMMA, PHASE, AMP, ISCALE, 

R3STOP, R5STOP 

ASPEN (S, SP, T, IP) called by ELM 

Tils subroutine determines the values n£ (S.iT.) and their 

derivatives at three more points near the nrioln. It uses a method similar 

to one su?»ested by W. R. Johnson (Notre Dame) and uses interpolation 

formulas with the differential equations to t ive simultaneous algebraic 

equations in the unknowns. 

INPUT (SQ , TQ) and d/dr(S 0 ,T 0 ) at the orle in. 

OUIPUI (S 0 ,T.) and d/dr(S„,T ) at three points near the origin. 

COMMON BLOCKS: 

Data p a s s e d from ELM t o ASPEN 

/HAPLE/Z, IZ, A. 

/WALNUT/IPOT, AS, ALAMB, SZ, ISZ, VX 

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE. 

R3STOP, S5ST0P 

/OAK/ EP, FH, Gl, G2, K 
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SUMAC (RMAX, ERR, ISOL, ERRASY) called by ENT5 (flowchart Fl». 6) 

SUMAC controls the calculation of th« solution to the homoBiwiooiis Lirac 

equation which Is regular at Infinity (the inward Rolutinn). The solution 

i s effected by lnt»oratin» the homw'ttieotis Dlrac enuitlon inward from RMAX 

to the orl«ln R3ST0P to find the solutions (C,,F ) . Then tho program 

Y 
changes variables and solves for ( u i > v , ) " r ( G i» 1 ' \) c o i'RSSTOP 

(very near the origin) taking advantage of th» know behavior of the 

v 
solution G(r)"" 1/r near the origin. 

RMAX -> see Table III. 

ERR -> Absolute error tolprance passed to SPRUCE. ERR controls 

Integration step 9lze. 

ISOL -> indicates tyne of solution to be calculntod (s°e Table 111). 

ERRASY -> Error tolerance in deterciinin" asynntotic expansions of the 

outward solutions for this RMAX. 

F.3ST0P and P.5ST0P are determined durii" th? calculation of th° solution 

regular at the origin (Subroutine ELK). 

R3ST0P -position at uhich outward solution in ELM changes from 

(S 0 .T 0 ) to (G 0 ,F 0 ) . 

R5STOP • position to stop (U. ,V ) integration which Is within one 

step-size of the origin. 

COMMON BLOCkS: 



Data passed by MAIN to SUMAC 

/MAPLE/Z, IZ, A 

/WALNUT/IPOT, AS, ALAJ1B, SZ, ISZ, VX 

/EIRCH/E, KAPPA, DKAP, AJ, L, LP, GA>1A, PHASE. AMP, ISCALE, 

R3STOP, R5STOP 

/COHST/PI, ALPHA, RY. CON, ELOG 

Data passed from SUMAC t o I t s s u b r o u t i n e s 

/OAK/ EP, EM 

/PALM/ S, Nl, K2, N3, M , K5 

/PINE/ P, ANU, B, C 

/LATE/ AfiRASY, CRRI, CRR2 

/ASH/ HSKI 

TAIL (G, GP, F, FP, MAX, ISOL) called by StflAC 

TAIL provides 9tartin<> values for Inward integration controlled bv 

SUMAC of the homogeneous Dlrac equation. It uses asynntntlc oxninslons 

determined during the calculation of the outward solution to find these 

values. First, though, It checks that RMAX is indeed in the asvmntotlc 

region. 

The inpat variables are described In Table II. 

COMMON BLOCKS: 

Data passed by MAIN to SUMAC and then to TAIL. 



/MAPLE/Z, IZ, A 

/WALNirr/IPOT, AS, ALAHB, SZ, ISZ, VX 

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, CAMA, PHASE, AMP. ISCALE, 

R3STOP. R5STOP 

/CONST/PI, ALPHA, RY, CON, ELOC 

Data passed froi SUMAC to TAIL 

/OAK/ EP, EM 

/PINE/ P, ANU, B, C 

/ASH/ NSKI 

The output i s (G ( .FJ and d/dr(G ,F.) at 4 noints In th» 

asymptotic re»ion. 

SPRUCE (S, SP, T, TP, RUIN, RMAX, IROUTE, ERR, ISOL) called bv ELM ind SUMAC 

SPRUCE does tae actual integration of the radial homoo<>nenii<! Dime 

equation. It outputs the wave functions directly onto device 10 for th» 

out'.ard solution and onto device 11 for the inward solution. Mich of th» 

code is devoted to scaling of the data to prevent underflow and overflow bv 

multiplying or dividing the solutions by powers of 10 whenever th«» solutions 

become too snail or lar^eand keeping track of these powers in a separate 

integer variable. 

Q 
A predictor-modifier-corrector method of integration i s used. The 

step-size i s automatically halved or doubled according to the relation of 
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the truncation error es t imate with the t o l e r a n c e s ERR). ERR2. ERR3. 

If ERROR < ERRl i t » p - s l z e doubled. 

If ERROR > ERR2 a t p p - s l z e ha lved . 

If ERROR > ERR3 FATAL ERROR, execut ion s t o n s . 

Four in l t iJ i l r>olnt9 of the s o l u t i o n and i t s d e r i v a t i v e * i r e remiired to 

s t a r t the I n t e g r a t i o n . These are stored in arrays S, SP. T, TP-

INPUT: S, SP, T, TP arrays with s c a r t l n " va lues In then. 

V 

IROUTE - 1 -> Outward lnt»»ratIon R , out 

- 2 -> Inward R' , in 

• 3 -> Inward integration R , In 

• 4 -> Outward integration K , continuum case 
-7 

- 5 -> Inward int*»Rration F , o u t . 

C0;1M0N BLOCKS: 

/MAPLE/Z, IZ, A-

/WALNUT/IPOT, AS, ALAMB, SZ, ISZ, VX 

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, GAMA. PHASE, AM?, ISCALE, 

R3STOP, R5ST0P 

/CONST/PI, ALPHA, RY, CON, ELOG 

Data passed from SUMAC to i t s subroutines 

/PALM/ N, Nl, K2, N3, H«, K5 

/PINE/ P, ANU, 5 , C 
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/LATE/ ARRASY, CRfil, CRR2 

/ASH/ NSH 

3. INT5 (Subroutine Package) 

The subroutines in this package »,ener»t<> th» final particular solution 

to the lnhomwjeneous Dlrac equation. WILLOW "enerates the 

coefflclent(COEFB) of the homogeneous solution which Is regular at th° 

origin. GINKGO t>enerates the coefflcient(COEFA) of the homnieneons solution 

which Is regular at Infinity. ALDER constructs the final nartlcnlar 

solution and computes the R-lnfeoral. 

WILLOW (W, J, LAMBDA, I0RD, ERR, ISOL) called by ENT (flowchart Flo. 8) 

WILLOW evaluates the integral over outward solution (G »F ) of th° 

homogeneous Dirac equation multiplied by the driving term of the 

corresponding lnhomo(>eneous Dlrac equation. This forms the coefficient of 

the inward solution COEFB(r) used in forming the particular solution to the 

inhonogeneous Dirac equation. The integration method used Is a three point 

q 
closed type Newton-Cotes quadrature (see Ralston and Wilf , i>.2A). This 

method has been chosen to match the integration method used to evaluate 

(G ,F.) in that the truncation errors of both methods are the same. The 

step-size i s automatically halved or doubled according to the relation 

between the truncation error.estimate and the error tolerances T0LER1, and 
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TOLER2. 

COEFB(r) i s outmit In order nf increasing r. 

The. input varlanLes ire described in Table III."Global Variables nf 

ENT". 

The outward solution is tni'it froi device 10, and the bound state 

wnvefunetion from device 12. 

Output. 

COEFB(r) is written onto device 13. 

COMMON BLOCKS: 

Data passed fron tlAlr! (ENT5) to WILLOW 

/HAPLE/Z, IZ, A 

/WALNUT/IPOT, AS, ALAMB, SZ, I S Z , VX 

/BIRCH/ E, MPPA, DKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE. 

P.3ST0P, R5S10P 

/CONST/PI, ALPHA, RY, CON, ELOG 

/POPLAR/EA, NA, KA, AKORMA, GAMA 

/ERRCHK/WME, WRPE, ORTE, GRPE, ATERR.ATERRI. APERRR. APERRI 

Data p a s s e d from VILLW t o i t 9 s u b r o u t i n e s . 

/ACORN/ R, B, F, LP, GAM, IREC, AM, BM, KVCLE. IRECA. TOTAL. 

ITOTAL, STEBJ. TBIAS, IBIAS, EBCOND 

/BEECH/ RO, GO, FO, MP, CAMO, IRECO, B, C, PHASE, ANU, P . L, KSR). 

ARRO 
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/HOLLY/ HI, GI, FI, NP, GAM I, IRECI, GAMPI. FAMPI, PHASEI, ANUI, 

API, LI, NSKI, ARRI 

GINKGO (W, J, LAMBDA, I0RD, ERR, ISOL) called by ENT5 (flowchart Fl». 9) 

GINKGO evaluates the integral over the Inward solution to the 

homogeneous Dlrac equation multiplied by the driving term of the 

corresponding Inhomo'eneous Dlrac equation. This tern COEFA(r) i s irsed as 

the coefficient of the outward solution In fomlno the particular solution 

to the inhomogeneous equation. GINKGO uses the sane Integration method as 

WILLOW and i s quite similar in most respects. The Integral is performed 

from infinity to the origin. Thus, the data fron th<> bound state f i l e i s 

read sequentially backwards starting froTi the end of th» f i l e . 

For the definitions of the input variables In the calling strino se» 

Table III. Tie bound state wave function is read in on device 12, and th» 

inward solution, that generated by EUHAC, i s read on device 11. 

The output consists of the values of COEFA(r) in order of decreasing r, 

and i s placed on device 14. 

COMMON BLOCKS: 

/MAPLE/Z, I Z , A• • 

/WALNUT/IPOT, AS , ALAMB, SZ, 1SZ, VX 

/BIRCH/ E, KAPPA, DKAP, AJ , L , LP, GAMMA, PHASE, AMP, ISCALE, 
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R3ST0P, R5ST0P 

/CONST/PI, ALPHA, RY, CON, ELOG 

/POPLAR/EA, NA, KA, ANORHA, CMA 

/ERRCHK/WRTE, WRPE, OR1E, CRPE, ATERR.ATERRI. APERRR, APERRI 

/ACORN/ R, B, F, LP, GAM, IREC, AM. BM, ICVCLE. IRECA. TOTAL. 

ITOTAL, STEBJ, TB1AS, IBIAS, EBCOKD 

/BEECH/ RO, GO, FO, MP, CAMO, IRECO, B, C, PHASE, ANU. P. L, NSKO. 

ARRO 

/HOLLY/ RI, GI, FI, KP, GAMI, IRECI, GAHPI, FAHPI, PHASEI. AKUI, 

API. LI, NSKI, ARRI 

ALDER (RINTR, RINTI, IRINT, W, J, LMBDA, IORD, ERR, ISOL) cal lpd bv EMT5 

(flowchart F i o . 10) 

ALDER cons truc t s the required s o l u t i o n of the in ho^no pnenns Dirac 

equation (perturbed o r b i t a l ) , incorporat ing the appropriate hnmd?rv 

c o n d i t i o n s , and performs the r a d i a l i n t e " r a l over the s o l u t i o n to dptor^inp 

thi» R - i n t e g r a l s . The i n t e g r a t i o n method i s the SUTIP a? t twt its^d ITI WILLOW 

and GINKGO. 

The Input v a r i a b l e s , W, J, LAMBDA, IORD, ERR, are def ined in Table III 

("Global Variables of ENT"). 

From uevice 10 i s read the outward s o l u t i o n in order of increas ing fi­

l l inward s o l u t i o n In order of decreas ino R. 
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12 bound fltaf" in order i f Increasing R. 

13 COEFB(r); lnerpasln» R. 

14 COEFA(r); d e c r e a s i n g R. 

COMMON BLOCKS: 

/MAPLE/Z, I Z , A 

/WALNUT/IPOT, AS, ALAMB, SZ, I S Z , VX 

/BIRCH/ E, KAPPA, DKAP, AJ, L , LP. GAMMA, PHASE, AMP, ISCALE, 

R3STOP, R5STOP 

/CONST/PI , ALPHA, RY, CON, ELOC 

/POPLAR/EA, NA, KA, ANORMA, GAJIA 

/ERRCHK/WRTE, WRPE, ORTE, GRPE, ATERR.ATERRI, APERRR, APERRI 

/ACORN/ R, B, F, LP, CAM, IREC, AM, BM, ICYCLE, IRECA, TOTAL, 

ITOTAL, STEBJ, TBIAS, IBIAS, EBCOND 

/BEECH/ RO, GO, FO, HP, GAKO, IRECO, B, C, PHASE. ANU, P, L, NSKO. 

ARRO 

/HOLLY/ R I , GI , F I , NP, GAMI, IRECI, GAMPI. FAMPI, PHASEI, ANUI. 

API , L I , NSKI, ARRI 
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7. SHELL 

After the multlpole series his converged in EJJT5, the final device 7 

output (C.STR) Is appended to the final device 9 output (E.CDR). This 

combined file becomes the device 5 input for SHELL. SHELL cakes this data 

and writes i t into a permanent subshell data file which provides the 

X-amplitudes In a fort! suitable for use by subsequent codes. Such a code is 

IABX5 which adds the amplitudes due to several smbshells, estimates hiwh^r 

shells usln<; modified form factors and also adds the nuclear Thomson 

amplitudes. If ENT5 is run with a photon iwltipole series increment JINC 

other than 1, then SHELL will Interpolate the mlssln* X-amnlitudes from the 

l i s t of X-amplitudes It is *iven. Care should be exercised when nsin» this 

feature of the calculation since i t has not been fully investigated. 

TO USE SHELL (see fit;. 18) 

Append the final device 7 output (C.STR) of ENT5 to the final device 9 

output of ENT5 to form device 5 Input to SHELL. The device 6 oucnut of 

SHELL contains calculation diagnostics while the device 7 output of SHELL is 

the data referred to as the permanent subshell data file. In the past, the 
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namin<; convention for the file containin" the permanent subshell data has 

been of the form "RUN".RAY where RUN is the ASCII literal used to identify 

the calculation and was in the main parameter input to ENT5 (lee section 6 

above) • 

8. MFSTR1 (see fli». 21,22) 

MFSIR1 ppnerates the modified form factor <>(c) for a »iven atomic 

subshell and outputs i t as a function of the moment™ transfer o. The form 

factor n is defined in section 2 above, 

A. I/O of HFSTR1 

The device 5 Input consists of the f i l e name of the bound state wave 

function for which the calculation i s to be performed and the name of th= 

f i l e into which the calculated form factors are to be Placed. 

The potential L??.P0T (where V. i s the atomic number) required for 

»(q) must already be on disk. MFSTR1 reads this potential data from disk. 

B. TO USE MFSTR1 
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To use MFSTRI have available 'MI disk the necessary bound state wive 

function f i l e and the correspondin» atomic noteotlal f i l e . Device 5 input 

will consist of pairs of ASCII filenames, etch on e separate l ine . The 

first filename is the name of the f i l e containing the bniind state wave 

function data. The second filename Is th" note of th» f i l e Inr/i which 

MFSTRI i s to write the modified form factors. HFETR1 will STOP when It 

encounters a blank input for the f irst filename of th<* nslr. Therefore. 

modified form factors for an indefinite mmber of different shells mav be 

computed In a single execution of MFSTRI by providing the necessarv input 

pairs of ASCII Information. 

An example of device 5 Input for the calculation of th» mndified form 

factor for the K-shell of carbon would be: 

CK.HKL 

CKMF.HKL 

blank card 

Filenames are ASCII strings left just i f ied, in FOKMAT(AIO). 

The bound state wave function data f i l e named in the first record 

(CK.HKL) i s input on device 12. The potential data (16.HKL) must be 
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available on disk . This will be lnnut by HFSTRl on device 1. (MFSTRl on»ns 

the bound s ta te wave function data f i l e and reads Ch° vain" of th= etomlr 

number. In th i s case 6, and eomnnt«»s th° renulrH potential filename.) 

Diagnostics of the calculation are output durtn" th° course of th» 

calculation onto device 6. 

9. TABX5 (see f i ° . 23,24,25) 

TABX5 Is the program which nroduces the final Rayleloh smnlitude and 

dif ferent ia l cross section tabulat ion. It Is outnut as a function of 

scattering ane,le and of momentum t ransfer . It contains contributions fro-> 

as many subshells as the user desires (a l l for th= uiole atom). The inmit 

consists of the f i les containing the ' exac t ' inner suSshell contributions 

and the MFSTR output containing the modified form factors for higher sh» l l s . 

These are added coherently and the sum Is smiared to oive the d i f ferent ia l 

cross sect ions . 

The input var iable , QllAX, r e w i r e s explanation. Since the modified 

form factor is bas ica l ly the Fourier transform nf the c h a f e densitv thern 

i s a value of q, the momentum transfer , beyond which the modified form 
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factor decreases monotonlcftlly to zero despite anv striatum it has for low 

1. (JiAX Is a subshell dependent nuantlt" i" term In In" th° momentum transfer 

where the contribution becomes Insignificant. TV nroorram will ionore thi<! 

subshell for n > QMAX. It has been cnstomarv to set PitAXMOO for all S 

subshells (K, L., H.. etc-) since those have the ^ost ""netratln" 

wavefuncttons. In these units [•& • m • c - 1)(100 (—2061 A ) 

is a rather lar»e Momentum tranfer and so contribution* are included for 

almost a l l q 's . For the other shells th°.re in a default in TABX5. S»tttn? 

QMAX « -N (N the principle quantum numb°r) forres TABX to s»t CHAX to a 

default which depends on the structure of the vravefinctlons (which in turn 

affects the functional fom of th= modified fort factors). The default i« 

QflAX - 206.1*Z a/N2. 

The other variables are straightforward. 

A. I/O Summary for TABX5 

Device 5 input: 

CARD1, For each shell for which the contributions have Ven commuted 

exactly 
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FNAME, ELNIM in F0RMAT(A10,G). 

FNAME i s the nfl")." of the subshell data f i l e . 

ELNUtl i s the occupation nimoer of th° Riibsh»ll- It i s 

»iy real positive number _<2J+1 • 

CARD2. BLANK 

CARD3. FNMK, ELECK in FORMAT (A10.G) 

FNMK i s the na-ae of ",/idified for"i factors f i l e for th» 

K-9hell. If the modified form factor is us" for any outer shel l , 

t >e K-ahell's -nodified form factor must be input, because for 

q>10A the ratio of the higher subshell's modified fom factors 

ti the K-shell modified form factors i s used Instead of the higher 

subshell's modified form factors dirpctly. 

ELECK Is the occupation number of the K-shell.. 

CARD4. For each higher shell to be annroximated with the modified form 

factors a card with 
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FNMO, ELEC, Qi-IAX in FORMAT (A 10,30). 

FHMO Is a 10 ASCII chiraet°r na-i(> r,f th» f l i p containi-io 

thfi modified form factor 1; for th i s si ibsehll . 

ELEC i s the occtnatinn mnbor 

QflAX i s the naxinun "toiPntin transfer. 

CARD5. A BUNK CARD. 

Kote: If a l l she l l s arp co-nniited exactly th»n TII cards nf ty>»s 3 

•ind 4 appear. The deck i s th<?n just cards nf tvno ] , two blank 

cards and the following two cards. 

CARD6. C0I11, COM2 in FORMAT (2A10) 

These forci a 20 ASCII character c(vin<"it which i s n«!<»d f 

label the tabulation. 

CARD7. IMC,AT in FORMAT (I,F) 

INC i s the angular increment (inte<£pr nimber i f d p * ^ " ) . 
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INC«0 defaults to IHC-15. We hwe been uiln<> INC«5. 

AT Is the atonic w?l<»ht of the aton. If It la not zero 

then the nuclear Thomson amplitudes for a nnclpns of the 

prescribed AT. 

The data f i l e s named in the CDR f i l e are read from Device 10. 

Device 6 output: 

Device 6 contains diagnostics nnd error messages if any, and a l i s t of 

the CDR input. 

Device 8 output: 

The device 8 outpu i s the final tabulation. See fi<>. 25. 
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Table I. Filling of Inner Subshelis 

S u b s t i e l l 
name 

' I I 
' I I I 

H 
I I 
I I I 

• I V 

S p e c t r o s c o p i c 
n o C a t i o n 

la 
2a 

2t» 
2p 
3a 
3p 
3P 
3d 
3d 

1/2 
1/2 
1/2 
3/2 
1/2 
1/2 
3/2 
3/2 
5/2 

n X J ^ felectrona In a filled ahell 

1 -1 1/2 O 2 
2 -1 1/2 0 2 
2 1 1/2 1 2 
2 -2 3/2 1 * 
3 -1 1/2 O 2 
3 1 1/2 1 2 
3 -2 3/2 1 4 
3 2 3/2 2 A 
3 -3 5/2 2 6 



TABLE II. Global Variables In RSCF 

A Major component of wave function. Temporary storage. 
AAME Problem name. 
AO, BO Temporary storage. 
B Minor component of wave function. Temporary storage. 
BCOND Gives Wi«ner-Seitz boundary conditions if set to 1. 
BINDEN Electron binding energies. 
CONVRG Set equal to 1.0 when convergence criterion is met. 
DA, DB Temporary storage. 
DENS, Y Temporary storage. 
DEL Accuracy criterion for eigenvalues. 
DELRVR Accuracy criterion for convergence. 
EE2, EY Exchange energy. 
EPS Parameter used to determine the practical infinity of 

each orbital. 
ET3 Total energy. 
EV, ED E-E potential ener»y. 
EV3, ER Integral of RHO(R)*V(R) 
EV4, EZ E-N potential energy. 
FEX Control parameter for free electron exchange potential and 

Binding energy calculations. 
FN.FL.FJ.E Current values of XN, XL. XJ, XE. 
H Interval of the logarithmic mesh, read as the reciprocal. 
J Number of shells. 
KPOT The Kohn-Shan and new potential functions may be specified 

By settln? KP0T»2 and KPOT-3 for Slater exchange. 
Kpot«4 for Rosen-Lind<»ren potential. 

N Number of points in radial mesh. 
NCI Maximum number of cyele9 before dump. 
NDEBUG If nonzero additional pri.itin? is done to aid in debu^in" 
NPRIHT If set to 1 gives a printout of the orbital functions. 
PHI Averaging factor. 
PV Pressure. Temporary storage. 



PVT Total pressure. 
Q Integral of charge density. 
Rl Sphere radius for nevpot. 
RAD Table of radii. 
RH Radial charge density. 
RHNLJ Temporary storage. 
RN Maximum radius. 
RNUC Radius of nucleus in Bohr radii. 
SOMMA Sura of eigenvalues. 
VO Constant term in potential near origi?.. 
VR R*V(R) 
VRX Free electron exchange potential correction. Temporary 

storage. 
XALPHA Slater exchange coefficient. 
XE Eigenvalue. 
XION lonicity. 
XJ Total angular momentum of orbital. 
XKOOP Set to +1.0 or -1.0 when computing binding energies. 
XL Orbital angular momentum of major component. 
XLATTR Coulomb tall parameter. 
XN Radial quantum number. 
XZ Number of electrons in shell. 
Z, ZN Atomic number. 
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TABLE III. Global Variables of ENT5 

AJ sane as J (dble) 
AJA total ang. mom. qu. no- of bound state 
AJB total ang. mora. qu. no. of perturbed orbital 
ALAMB LAMBDA, parameter used by some potentials 
AMP amplitude of asymptotic wave functions 
AMUL coefficient of R-integrals in sum over perturbed orbitals 

to fom X-amplitude 
APE1 ALDER propagation error (In) 
APER ALDER propagation error (Re) 
ANORMA bound state normalization 
ATEI ALDER truncation error (Im) 
ATER ALDER truncation error (Re) 
AS screening multiplier. In some cases, 

1/3 ALAMB • AS*1.13*Z *ALPHA 
EA bound state total energy 
EB perturbed orbital total energy 
ERR? absolute error tolerance used for controling step-sizes 

-4 of integration schemes (ERR is usually in the ran»e 10 
through 10" 1 0) 
(ERRORB used in calculation of perturbed orbitals, ERRINT 
used for radial integrals) 

FNAMEI contains 10 character ASCII string for name of disk 
file containing inward homogeneous solution 

FNAHEO contains 10 character ASCII string for name of disk 
file containing outvard homogeneous solution 

GAMA value of gamma for bound state; GAMA - SQRT(KA**2 - A**2) 
GRPE GINKGO relative propagation error 
GRTE GINKGO relative truncation error 
IORD variable identifying order of photon absorption-emission 



procesB (1«> absorption first;-l»> emission first) 
IPOT contains code for type of potential being used. 
IRINT exponent of R-integrals (RINTR.RINTI) 
ISOL flag indicating type of state for perturbed orbltals 

ISOL * 1 »> bound state, -1 « EB < I 
» 2 «> positive energy continuum state, 1 < EB 
• 3 •> negative energy continuum state, EB < -1 

ISZ same as SZ (int) 
IUNITS switch specifying units of 'WIN' energy input 

IUNITS • 0 -> 'WIN' in in c 2 (311 kev) e 
* 1 •> 'WIN' in kev 
- 2 -> 'WIN' in Rydbergs (13.6 ev) 

IZ same as Z (int) 
J total ant;, mom. qu. no. of photon 
JINC increment of photon multipole series 
JMAX maximum j of photon angular momentum sum, nrograi) may 

stop before JMAX is reached if sum convergence tolerance 
is satisfied (see JMAX, XOLER) 

KA kappa qu. no. of bound state 
KB kappa qu. no. of perturbed orbital 
LAMBDA indicator of photon raultipolarity: 

LAMBDA • 0 «> magnetic multipole 
• 1 •> electric multipole 

LA orbital an?, mom- qu. no. of bound state (L) 
LB orbital ang. mom. qu. no. of perturbed orbital (L) 
LPA orbital ang. mom. qu. no. of bound state (L') 
LPB orbital ang. mom. qu. no. of perturbed orbital (L') 
NA principle qu. no. of bound state 
NAME? contains various ASCII character strings used to 

form 'FNAMEI' and 'FNAMEO' 
PHASE value of phase shift 



POIID real, 10 element array containing ASCII string of 
characters identifying potential being used 

RASY minimum radial position to uhich explicit numerical 
solutions are to be found. This value Is derived 
from user supplied tolerance, TOLER? 

RINTI imaginary part of R-intei;ral 
RIHTR real part of R-inteirral 
RMAX radial position to vhich explicit numerical 

solutions to the homogeneous equations will 
be calculated. Maximum of (RASY.RMAX?) 

RMAX1 user supplied minimum radial position to which explicit 
numerical solutions to the homogeneous equations are 
to be found for I S O W 

RJ1AX2 same as RMAX1 for I S O W 
RMAX3 same as RMAX1 for IS0L-3 
RUN input string of 6 ASCII characters used to form 

filename of disk files containing the homogeneous 
solutions 

SLIST array containing the names of the outward 
homo^oreous solutions calculated already 

SZ asymptotic charge of potential, ionic charge 
I0LER1 tolerance used to calculate RASY for I S O W 

I0LER] equals the value of l/(P*RASY) 
T01ER2 tolerance used to calculate RASY for ISOL-2 

T0LER2 equals value of ratio of the potential 
to the kinetic energy at RASY 

T0LER3 same as T0LER2 but for IS0L-3 
TSIOP program stops when CPU time used in minutes 

exceeds this input parameter 
W photon total energy (frequency) 
VX 10 element array containing the potential expansion 



coefficients 
WIN Incident photon energy Input (In units (>iven by 'IUHITS') 
WRTE WILLOW relative truncation error 
WRPE WILLOW relative propagation error 
XAMPI Imaginary part of X-amplittide 
XAMPR real part of X-amplitude 
XEI X-araplitude error (Im) 
XER X-amplitude error (Re) 
XMAX value used to test convergence of photon nultlpole series 

When the ratio of tha reel part of the electric X-mnplltude 
to XMAX becomes less then the value of XOLER, the nro<>rain 
terminates. If XMAX-O.O on input, then the 
ratio of XAMPR(J, 1) is compared to XAHPR(l.i). If this 
ratio is less then XOLER, the program terminates 

XOLER convergence criteria for multipole series. If XOLER 0.0 
-5 on input, default value of 10 1'; assigned 

Z atomic number 



Table IV. IIIAG 

(a) During initial Input Paramter check 

IfLAG Error 

1 12 < 0 
2 12 "> 137 
10 IUN ITS < 0 
2U IUHITS > 2 
100 JHAX < 0 
200 JHAX ~ 300 
400 JIHC > 50 
2000 EiRORB > 10 

IOOOO WIN < oTo , 
200000 EKRItfT > 10 

(b) During Data Consistency Checks 
(The data are checked for consistency at the beginning of every 
major subroutine) 

It LAG Error 

1 Data is being read from the wrong 
device. 

20 Atomic number inconsistency. 
300 Asymptotic charge of the potentials 

do not match 
4 000 Angular momentum and parity quantum 

numbers (Kappa) do not match* 
50 COO Energies are Inconsistent 
600 000 The data being input was created 

with a differnt type 6f potential' 
7 000 000 Potential screening error 

oO 000 000 Inconsistency in Lambda. 

In the event that more than one of the above errors occur 
IPLAG will be returned as the sua of the appropriate error flags, 
for example, 80600301 would signify an inconsistency in Lambda, 
an. inconsistency in the type of potential being used, an inconsis­
tency in the asymptotic charge of the potential, and that the 
data was found on the wrong device. 
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INPUT / OUTPUT 
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ORDER OF THE CALCULATION 

RUN 
RSCF.SAV 

-AMPS. 
PARTIAL 

CONTRIBUTIONS] 

^ I I / P E R M A N E N T / 
/ ^ . RUN - s . / SUBSHELL / 
/ - r SHELL.SAV i » * ' 7 DATA / 

FOR EACH SCHELL EXACTLY CALCULATED 

SCF POTENTIAL 
AND BOUND 

STATE 
WAVE FUNCTIONS 7 

FOR EACH SCHELL APPROXIMATED BY 
MODIFIED FORM FACTOR 

RUN 
MFSTR.SAV 

. / MODIFIED / 
^*=f FORM / 

/ FACTORS / 

O' 
Program execution 

Data 

RUN 
TABX5.SAV 

^ f 

TABULATION OF 
DIFFERENTIAL 

RALEIGH 
SCATTERING 
AMPLITUDES 



DATA TRANSFER FOR CALCULATING REUTIVISTIC SCF 
POTENTIAL AND WAVE FUNCTION 

a, RSCF 

DEV 4 
TEMP. 

STORAGE 
OF WAVE 

FUNCTIONS 

DEV 5 
INPUT 

SPECIFYING 
THE ATOMIC 

SYSTEM 

DEV 6 
DIAGNOSTICS 

AND 
OATA 

DEV 8 
"PACKED" FILE 
CONTAINING 

[POTENTIAL AND 
/WAVE FUNCTIONS/ 

b. SEPARATING THE WAVE FUNCTIONS FROM THE POTENTIAL 

DEV 15 

/ 

/ DEV 8 OUTPUT 
/ OFRSCF 

THE "PACKED" J 
FILE / 

/ 

> f 

/ DEV5 
/ SPECIFY / - LWF 

DEV 6 
DIAGNOSTICS / WHICH , 

/ ORBITAL / 
! 7* 

/ 

LWF 7*— 

/ 

DEV 6 
DIAGNOSTICS ! 7* 

/ 

> f 

7*— 

/ 

! 7* 

/ 

1 THE WAVE 
FUNCTION / 

7*— 

/ 



I/O USED BY ENT5 

DEV1 
POTENTIAL 
(L(Z).POT) 

DEVICES 
10,11,13.14 

TEMPORARY 
STORAGE 

DEV6 
DIAGNOSTICS 

DEV4 
NAMES OF 
STORAGE 

FILES 
(K.STR) 

DEV7 
PARTIAL 

CONTRIBU­
TIONS 
(C.STR, 

R-INTEGRALS) 

DEV5 
CONTROL 

PARAMETERS 
(E.CDR) 

DEV8 
NAMES OF 
STORAGE 

FILES 

OEV12 ' 
BOUND 
STATE 
WAVE 

FUNCTION 

DEV9 
CONTROL 

PARAMETERS 
AND 

X-AMPS. 



FLOW CHART OF ENT 

c 
DEV5 

| CDR CONTROL | 
FILE 

DEV12 
' BOUND STATE 

WAVE 
FUNCTION 

DEV5 
ICDR CONTROL | 

FILE 

START ) 

"TZ. 
INPUT 

CONTROL 
PARAMETERS 

INPUT 
BOUND STATE 
PARAMETERS 

I 
INPUT J,KB, 
X.IORDOF 
LAST R-INT, 

CALCULATED 

BEGIN NEW 
CALCULATION 

§ 
RESTART OLD CALCUUTION 

INPUT 
CALCULATED 

X-AMPLITUDES 

I 
INPUT LIST 

OF FILE NAMES 
OF PREVIOUSLY 

CALC. HOMO. 
SOLUTIONS 

DEV5 
X-AMPLITUDES l 
PREVIOUSLY 
CALCULATED, 

oivl 
LIST OF 

FILE NAMES 
OF HOMO. 

SOLUTIONS 

CALCUUTION 
DONE 

LPT 
FINAL X AMPS 
ANO dff/dfl 

OISPUY 

CALCUUTE 
DIFFERENTIAL 

CROSS-
SECTIONS 

( E N P ) 

YES /SERIES 
< -^CONVERGED, 

? 

CALCUUTION EXCEEDED 
PRESENT LIMIT ON 
MULTIFOLE SERIES 



FLOW CHART OF ENT cont. 

£ 
DETERMINE 

J,KB,X,lORDOF 
NEXT 

CONTRIBUTION 

HOMO. SOLN'S HAVE BEEN 
FOUND BEFORE AND 
ARE ON DISK 

OEV12 
|BOUNDSTATE| 

WAVE 
FUNCTION 

DEV11 
INWARD 

SOLUTION 

© 

£n 
SUB­

ROUTINE 
SUMAC 

3T 
©" 

FIND 
FILE NAMES 
OF INWARD 

AND OUTWARO 
SOLUTIONS 

CALCULATE 
LIMITS OF 

INTEGRATION 

CALCULATE 
OUTWARD 
SOLUTION 

CALCULATE 
INWARD 

SOLUTION 

CALCULATE 
COEFB(r) 

$ 

SUB­
ROUTINE 

ELM 

DEV12 
I BOUND STATE I 

WAVE 
FUNCTION 

DEV10 
OUTWARD 
SOLUTION 

DEV10 
OUTWARD 
SOLUTION 

SUB­
ROUTINE 
WILLOW 

DEV12 
1 BOUND STATE | 

WAVE 
FUNCTION 

DEV14 
COEFB(r) 



FLOW CHART OF ENT cont. 

OEV10 
OUTWARD 
SOLUTION 

DEV11 
INWARD 

SOLUTION 

0EV12 
(BOUND STATE f 

WAVE 
FUNCTION 

SUB­
ROUTINE 

ALDER 

DEV13 
COEFA(r) 

r DEV14 
i COEFB(r) 

- X 

<P 

CALCULATE 
COEFA(r) 

SUB­
ROUTINE 
GINKGO 

CALCULATE 
R-INTEGRALS 

DEV11 
INWARD 

SOLUTION 

DEV12 
| BOUND STATE I 

WAVE 
FUNCTION 

0EV13 
COEFA(r) 

ADD R-INT. 
TO X AMP. 

FIND NEW J.KB.A .IORD, 
CALCUWTE NEXT 
R-INTEGRAL 

PREPARE 
FILES FOR 
RESTART 

i 

(CALL EXIT) 



FLOW CHART OF ELM 

(" START ) 

CALC. BOUNDARY 
VALUES OF S,T 

AT ORIGIN 

FIND 3 MORE POINTS 
TO START INTEGRATION 

INTEGRATE TO 
FIRST ZERO OF 

S 

DETERMINE R3STOP 
FOR INWARD 
INTEGRATION 

CHANGE VARIABLES 
FROM (ST) TO 

(G,F) 

YES 

(S,T)AREBYNOW 
DETERMINED TO 
RMAX 

R2RMAX 

NO 

INTEGRATE 
(G.F) TO 
RMAX 

IROUTE»1 
> — 

SUBROUTINE 
ORIGIN 

SUBROUTINE 
ASPEN 

SUBROUTINE 
SPRUCE 

« 



FLOW CHART OF ELM cont. 

9 
DETERMINE 
ASY. EXPAN. 

FOR OUTWARD 
SOLUTION 

CONTINUUM 
TYPE 

SOLUTION 
ISOL'2,3 

SUBROUTINE 
SPRUCE 

i 
(RETURN) 



FLOW CHART OF SUMAC 

( START ) 

\ ' 

FIND STARTING 
VALUES FOR 

INWARD INTEG. 

SUBROUTINE 
TAIL 

FIND STARTING 
VALUES FOR 

INWARD INTEG. 

SUBROUTINE 
TAIL 

FIND STARTING 
VALUES FOR 

INWARD INTEG. 

IROUTE-3 

SUBROUTINE 
TAIL 

\ t 

IROUTE-3 
INTEGRATE 
G.F INWARD 
TO R3STOP 

IROUTE-3 
SUBROUTINE 

SPRUCE 
INTEGRATE 
G.F INWARD 
TO R3STOP 

SUBROUTINE 
SPRUCE 

INTEGRATE 
G.F INWARD 
TO R3STOP 

IROUTE*5 

SUBROUTINE 
SPRUCE 

i t 

IROUTE*5 

CHANGE VBIS 
IN DIFF. EQ. 

TO (U,V) 

IROUTE*5 

i 1 

IROUTE*5 
INTEG. (U,V) 

FROM R3STOP 
TO R5STOP 

IROUTE*5 
SUBROUTINE 

SPRUCE 
INTEG. (U,V) 

FROM R3STOP 
TO R5STOP 

SUBROUTINE 
SPRUCE 

INTEG. (U,V) 
FROM R3STOP 

TO R5STOP 

SUBROUTINE 
SPRUCE 

^ ' 

(RETURN ) 



FLOW CHART OF SPRUCE 

C START ) 

INITIALIZE 
INWARD 

SOLUTION 

INITIALIZE 
OEVICE 11 
OUTPUT 

0-

CALCULATE 
ERROR 

TOLERANCES 

YES X N . NO 

INCREMENT 
STEPSIZE 

- / iROUTEN—5 

NO 

START 
MAIN 

INTEGRATION 

CALCULATE 
PREDICTORS, 
CORRECTORS. 

MODIFIERS 

ADJUS1 
STEPSIZE 

IF NECESSARY 

INITIALIZE 
OUTWARD 
SOLUTION 

INITIALIZE 
DEVICE 10 
OUTPUT 

$ 



FLOW CHART OF SPRUCE cont. 

? 
IF NECESSARY, 

RESCALE 
DATA 

GOTO 
(1,2,3,4,3) 
IROUTE 

IROUTE*1 
OUTWARD 

INTEGRATION 

OUTPUT 
(S,T) 
ON 

DEV10 

IROUTE-2 
OUTWARD 

INTEGRATION 

IROUTE*3.5 
INWARD 

INTEGRATION 

OUTPUT 
Go.Fo 

ON 
DEV10 

9 
JL 

OUTPUT 
(Gi.Fi), 
(Uj ,Vi) 
DEV11 

IROUTE-4 
OUTWARD 

CONTINUUM 
INTEGRATION 

OUTPUT 
Go.Fo 

ON 
DEV11 

COMPUTE 
PHASE AND 
AMPLITUDE 
AVERAGES 

COMPUTE 
FINAL PHASE 

AND 
AMPLITUDE 
EXPANSION 

(RETURN) 

http://Gi.Fi


FLOW CHART OF WILLOW 

( ENTRY ) 

INPUT 
B.S.W.F. 

PARAMETERS 

INPUT OUTWARD 
SOLUTION 

PARAMETERS I 
CREATE 

HEADER TO 
COEFB(r) FILE 

3 
x«x+s 

GENERATE VALUE 
OF OUTWARD 

SOLNATr 

GENERATE 
VALUE OF 
B.S.ATR 

FORM DRIVING 
TERMS FOR 
INTEGRAND 

CALCULATE 
FINAL RESULTS, 

OUTPUT COEFB(r) 

DEV12 
B.S. 

DEV10 
OUTWARD 
SOLUTION 

DEV13 
COEFB(r) 

USE ASYMPTOTIC EXP. 
IN REGION BEYOND 
NUMERICAL DATA 

DEV13 
COEFB(r) 



FLOW CHART OF GINKGO 

( ENTRY ) 

GO TO END OF 
B.S. FILE 

0" 

INPUT DATA 
BACKWARDS 

INPUT 
INWARD 

SOLUTION 
DATA 

USE ASYMP. 
EXP. OF INWARD 

SOLUTION IF 
NECESSARY 

CREATE 
HEADER 

FOR COEFA(r) 
FILE 

X-X+S 

GENERATE 
VALUE OF 
B.S. AT X 

^ 
DEV12 

B.S. 

T 

DEV11 
INWARD 

SOLUTION 

NECESSARY IF B.S. DATA 
EXTENDS BEYOND END 
OF NUMERICAL INWARD 
SOLUTION DATA 

DEV14 
COEFA(r) 

INTEGRATE INWARDS;. 
S IS NEGATIVE 

$ 



FLOW CHART OF GINKGO cont. 

£> 

GENERATE 
VALUE OF 
INWARD 

SOLUTION AT X 

FORM DRIVING 
TERMS; 
OUTPUT 
RESULTS 

ADJUST 
STEP SIZE 

NO /INTEG. 
. DONE? 

V Y E S 

(RETURN ^ 

USE ASYMP. EXP. AS 
NECESSARY 

=**= 
DEV14 

COEFA(r) 



FLOW CHART OF ALDER 

C ENTRY ) 

INPUT SEQUENTIALLY 
BACKWARDS TO HAVE 
DATA INCREASING 
ORDER OF R 

INPUT SEQUENTIALLY 
BACKWARDS TO HAVE 
DATA INCREASING 
ORDER OF R 

£> 

USE ASYMP. 
EXP. AS NECESSARY 

USE ASYMP. 
EXP. AS NECESSARY 

INPUT 
B.S.W.F. 
DATA 

INPUT 
OUTWARD 
SOLUTION 

OATA 

GO TO END 
OF INWARD 
SOLUTION 

DATA 

INPUT 
COEFB(r) 

DATA 

GO TO END 
OF COEFA(r) 

DATA 

X=X+S 

GENERATE 
B.S. VALUE 

ATX 

GENERATE 
OUTWARD SOLN 

VALUE ATX 

GENERATE 
INWARD SOLN 
VALUE ATX 

$ 

a£z DEV12 

OEV10 

T " DEV11 

DEV13 

DEV14 



FLOW CHART OF ALDER cont. 

GENERATE 
COEFB 
ATX 

GENERATE 
COEFA 
ATX 

NORMALIZE LATER BY 
DIVIDING BY WRONSKIAN 

EVALUATE THE 
UNNORMALIZED 

SOLUTION TO THE 
•INHOMOGENEOUS 
DIRECT EQUATION 

I 
FORM 

INTEGRAND 

WRONSKIAN SHOULD 
BE INDEPENDENT 
OFX 

EVALUATE 
WRONSKIAN 

ATX 

ADJUST 
STEP SIZE 

IF NECESSARY 

& 

DIVIDE RESULT 
BY AVERAGED 

VALUE OF 
WRONSKIAN 

(^RETURN) 
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*• ^ U / . l s^J^li. 

.. <-.* vC^ O ^ * ^ * 
J» ^ • ^ • • / ^ • j 
J < i.C**«W vi J - ^ i . 
.>• *»-***. ;*. *L.*ivfc 

j . * / * • 1 / j j j " < j f c 

.,• t *V . J *«*U^~V* . 

./• ̂ ^^•Jii.^^L. 
•*• - - 1 L»*l,*»~J.. 
i- rfijtU^U^jfc 
J" ^iOvJ/<.-*ly*. 
-• O ^ M / 1-J->*V^ 

.. ^ f c ^ ^ J { St-*jL 

I . i i-is-H,"-*}*. 
I < __-/M«l<*'jL<"*,/*i 
'J* : J ^ O > J I > ^ / J 
( y . ^ — i j j j u - j j 
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13- Initial £.C:?. f i le fcr aeutrel Carton's K-s!;eli at 0.2j ,.ev. 

CI.J: U . .J 

i - i 

O . v b ^ j ^ u ^ . U U O J J + 'JO O . L W O O J + ' J U O.COJQ U.u lOU U . i u n i ; 

lw. Final E.raR for neutral (Arson's K-ahell at 0.23 <ev 

CK72 10.000 TIME:Oi:09 DATE: IS-Sep-"»8 VSU 43 4/13/77 
6 
1 -1 

2.30000000-01 1 
3 

1.00000000-06 1.00000000-08 
0.0000D+CG Q.OyOOD+00 0.OC0OD+O0 1.000-02 1.000-03 1.00D-03 
0.00000*00 1.00D-05 

3 4 0 - 1 
1 1.29101092070*00 0.00000000000*00 -8.5229331759D-05 0.0O0OOOOOOOD*OO 

2.20450-05 0.00000*00 5.3231D-0J O.0OO0D*OO 
2 1.91362417920-05 0.00000000000+00 1.61374669540-08 0.OO0O0O0OOOD*OO 

4.21990-10 0.00000*00 1.8242D-13 0.0000D*00 
3 5.592516484JD-10 O.O00OC0OCO0D+00 2.2881211956D-13 0.00000000000*00 

1.21130-14 O.OOO0D*O0 2.73690-13 0.00000*00 

Final C.3TR for neutral Carbon's K-shell at 0.23 kev 

1 1 -1 0 1 v 0.00017824 0.00000000 
[ 1 -1 0 -] -0.00012141 0.OO00C0OO 

1 1 1 1 -0.06373910 0,00000000 
1 1 1 -1 0.52141119 0.00000300 
1 -2 1 ] -1.45912993 0.00000000 
1 -2 1 -] L -0-28955298 0.03000000 
1 2 0 1 L 0.00001421 0.00000000 
r 2 0 -] [ 0.0C001422 0.00000000 
2 -2 0 1 L -0.00000002 0.00000000 
2 -2 0 -] L -0.00000000 0.00000000 
2 2 1 3 I 0.C0000461 o.ooooccoo 2 2 1 -1 L 0.00001344 0.00000000 
2 -3 I 1 L -0.00003146 0.00000000 
2 -3 1 -] L -0.00001072 0.00000000 
2 3 0 ] L 0.00000000 0.00000000 
2 3 0 -1 L 0.00000000 0.00000000 
3 -3 0 1 L -0.00000000 0.00000000 
3 -3 0 -1 I -0.00000000 0.00000000 
3 3 1 < L O.00OGCC0O o.oocooooo 3 3 1 - L 0.00000000' 0.00000000 
3 -4 1 I -0.00000000 0.00000000 
3 -4 1 - L -0.00000000 o.ocoooooo 3 4 0 1 L 0.00000000 0.00000000 
3 4 0 -] I 0.00000000 0.00000000 

26.61 1.60-11 O.CD+O0 4.8D-09 O.0D+00 
27.34 9.80-12 0.00*00 2.20-09 0.00*00 
24.70 1.50-08 O.OD+00 l.LD-05 0.00*00 
26.43 1.4D-03 0.0D+00 6.2D-06 0.00*00 
25.52 1.5D-07 0.0D+00 1.70-05 0.00+00 
27.34 1.2O-08 0.0O+00 3.3D-06 0.03+00 
28^.93 9.2D-13 0.0D+00 2->5D-10 O.QD+C'J 
30.13 2.0D-12 O.OD+00 2.20-10 0.00+00 
19.11 1.30-15 O.OD+00 1.8D- 1 3 0.00*00 
24.25 6.80-17 O.QD+00 2.10-14 0.30+30 
18.43 8.8D-13 0.00+00 9 .0D-U O.OD+00 
22.81 8.3D-13 O.OD+00 2.0O-10 0.0O+O0 
30.55 1.90-12 O.OD+00 3.4D-10•0.00+00 
33.60 7.5D-13 O.OD+00 1.1D-10 O.OD+00 
33.62 5.1D-17 0.00+00 1.2D-14 O.OD+00 
37.79 2.9D-17 0.00+00 9.80-15 0.QO+Q0 
19.19 9.5D-20 O.OD+00 2.60-18 O.OD+00 
2 4 . U 2.50-21 0.00+00 6.20-13 0.0O+OC 
19.71 3.40-17 0.00+00 2.«D-15 O.OD+00 
23.04 2.4D-17 O.OD+00 6.5D-15 O.OD+00 
30.85 1.50-15 0.0D+C0 9.1D-15 0.0D+0C 
35.73 5.1D-17 0.00+00 3.70-15 O.OD+00 
33.33 2.70-21 0.00+00 3.90-19 0.0O+0O 
40.17 2.0D-21 0.00+00 3.0D-19 0.00+00 



16. Final K.STR fl l« 

C.<22 
CU2 
CX22 
:KZ2 
C A Z 2 
CK22 
CK22 
:K22 
CK22 
CK22 
c:<22 
CK22 
CKZ2 
CK22 
CK22 
:KZ2 

.C 1 
• Y 1 
.'A 1 
.i 1 
.C 2 
.Y 2 
.A 2 
.d 2 
.C 3 
.Y 3 
.A 3 
a 3 
.C 4 
.Y 4 
.A 4 
. i 4 



SHELL I/O 

FROM 
ENT5 }: S DEVS 

E.CDR 
+C.STR 

DEV8 
PERMANENT 
SUBSHELL 

DATA 
FILE 

TO TABX5 
FOR TABULATION 

BY ITSELF OR 
WITH OTHER 

FILES 



17. Device 6 output of the last- few modules of EHT5 
PHtlCHAM KHTti ( RAVLKIKII SC ATTEt! INK HHI'LITUOKS VKHSl.1,1 iOHU, I J - U E L - 7 t > PHI D I M l ^ - a » 4 > - 7 H T I *' ?->:'."» 

llfcGIN DEVICK b I'JIHAMt.TLK INPUT: 
KNI1 OF IIRUICE S IHPWT, INPUT PAHA^KT^HS M I L I . I l h : 

NUN^CLt / . ' TSTI IP* 1 0 . 0 
1 7 * S 
HA* 2 KA = - 1 
>IIM= 2 . I IU00OOJI I -O I IUN1TS= 1 
JMAKs I S J I » C s 1 
V ; H I « I K H = l . o o n - o r . K K » I I I T = i . O O i i - o n 
l<HAX! = O.0000l>>00 KHCA?r 0 . 0 0 0 0 1 ) . 0 0 rfMAJl= U.UOOOII'O'I T I lLKKIs 1 . 0 0 ( 1 - 3 2 T<1I.».H.' = | . 0 0 u - < l » m l I I I : l . 0 C | i - v > l 

XHAK- 0 .00001UUO XI ILE' I * l.OOU-OVi 

IMKITIIH KNKKCY I N H * C * " 2 , H- 5 . 4 7 0 4 0 H I t l - 0 4 

l M i T i A i . i 7 . i n i ; n i T K i f i A i . P A C K AUK ( S U H I H U I T I H K « W A K K > 

•SKI.F-COM.'il-iTAHr P.1TENTI4L PACKA«F. 
SKAIICHINo' FIIH I I ISP POTENTIAL DATA H l . i L 1 .1 "IT 
CIIKL SHK I'llH <HUT,Hl . CAHHUM < C , / . = ! , ) , Kl l l l l l - SHAM, L 
UISK I ' l lT t 'JT IJ t . KI I .K FIIU-III 

SEI.K-CUNSir.TAHT P'lTKMTIAL (/ .= 6 , S Z = l , l l " i r = l l l 
I N I T I A L I Z E : I I I 'VICK 12 AND CIIRCK ( I I S ) PAPA I 

I7.» t> 'IA= 2 KA= - I LA = 1 . O -J676HU-01 A4ll»H» = i . 1 0 ' , 1 I 1 1 U - 0 1 
I S 2 - I 1I"I>T = I I CAHA= 9 . 910410 .JU-01 AJ» = 0 . •» I.A- 0 l . f l s I 

T I N E CIIKCKs T I H K = 2 ? I S 7 J 2 M . 6 Al l 1 : . CPU T I Mb t i l e d - 1.11911. 

HESTAHTIHU AH il l . II c AI.Clll. AT HPI I 
LAST CI IHTKI I IUTIUl l CAI.CUI. ATKU KHHI J : ) KH- - 4 I. »M<ill» = I l l l i l i ls - I 
t."IIL>> 1 .'.j 2 J t i m M l . U U 

ITTKI 'HTI I IH l AIICI KTEHS! . 1 - J Kll= 4 I.A.4IUA- U I I I . I l l - I 
F I L E NAMKS, l luT - i : i . l r.'J .A 4 l* lsCLI7.7 .11 4 t i l l * I . OOOSlbMl 'OO ISI l l .a ? 
I1N»X = 1.41<.J|I«U-I IIASY = 1 . 4 I 6 1 D . J 1 THI.KH- I . O O I I - O ) 
STtWT II I ITrflKI) f l l l l .UTIl IN (WKKSfMH I 0 : in, I J - l f ' k - V I I K H I t . I . 11 f> Jll • I) I 

KHmip K»T|MATK* K'»!HIH = I . S K - O J , AT I'll i I T I I'J »- 1 . t 1U .'II • U 4 I. IC'-'K l»S KATAI. I f r t l lH M I . I J t H ' i . , 
K H H I I U H C C U H H I n» C V I . I . I T i M I N :i<i,iuuiir i ii •: s r imc t . niw K A P P A - I . 
PAHAMKTKII 1111111': 

•:<tl» = 1 . 6 1 7 H i i i H i t i - j : ;< • ; - !> = L I I W I . ^ I J I I U ; c t ; - ^ ) = J. 2.iu? i i.'n» J i ; < . i - i l = i. i . - y i ium 1v> 
S" (N>= - 1 . 2 7 t > 0 o t i » u * U ' j s * ( M - l > * -t.*!'%•• i n / n . o ' l s ' ( i - * > > - I . . ' I j n - , i - j i i . n i : ; - ( H - I | J - 1 . ,171 i i l . . i , . i < 
T<N» = - f t . 37 IK." I 111.00 T « N - I > - -b. 374041 In .OH r C « - 2 ) = - t> . 11.41 I f W I U t t ' l r | M - l ) = - ' . . I 1:1 I ,i>. m>. >„ 
T " ( M > = - 2 . 2.1 till*., 7*111 »0!> 1 " t *J — I > - - I U I-IOIIU1.) l i * . 0 ' , ? " < ' l - . ' l = - 1 . I l l In Ol. ' l i l . ')•> * • " ( • : - I ) • - I . I 11 •'.•. I. ' » i)., 
PC1= ?. f t47 140i l l . i l ,> |'i:.is 1 . 4 U < > 0 I I 2 I > I I - O | VTMI-i - i . . Ulu J l | 4 i i - . ) 7 
c l l = 2 . U 0 D M I . i n . n o c i 2 = - i . r .an I 0 7 I H - 0 I n i ; - i . i ' ^ . i i . i n - o i r . 1 / . . I . M I . I I J I u> -n i 
c i s - 1 . 1 4 J J j ' i v n . ' W c.» = - c . iV' ic- . . . |^i i . H I c i = - 1 . i 4 i 11 . i i .n .o > r i - - . , . ) in. i , i . i ' • ! i 
A « l = - 1 . 1 4 I M l l v i l . ' l > »«.!= - o . J7IIO*<4yil»4<l A" l ' l = - I . . ' I * . " . I'l'J.J . 0 I : » I V > I • •• '• 4 •' ' • '" • 

HKCAI.ciil.ilr I MI; ' " U K O K : ; ; 
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I1LII AHUKKl'^ 2 . f iSK»02 
111.11 )tl-I.KHH= l . t ) 4 l i - l . l 
MKa HKI.Kitll- 7 . 7 3 c - t f H 
UKtl KHI'llH = 1 . 7 J Z - 0 U 

T|HK CIIKCK: r i M K - 2 ? ! ^ / : S 7 . 6 AtfS. CPU TIMK (SKCi ' 2 D . I U I * . CPU r i M f SI I ICF L I S T i-»l.l. c : i r c l ; I h . l l ' l 
STAHT INWAlt!) SDI. I ir iDIJ < Vt:H.".Ill* l - i : JO, l * . - H l i l - 7 7 ) m i l l : I . 4 3 * (11*0 1 
T I M E CHECK: T i4 t" - I3 :6 t i : 2*>.o A I IS . ci'u r iHt <r,pc) - m . M U CPU T I N * SIN»-K L A M C»I . I . < . i c t - I I . M I 
CALCULATF. (CIIKKII) fVF.KSIIIH l h : 3 0 , O'l-MAP-7 I > 
(CORFU) KM HUH INDIC ATI1HS: dUTf- 1.0KI)-I>« 4IPE = I..04II-U3 
TIME CIIKCK: TIMK-=J2:F>(I: 4 0 . •» A!1S. I'I'll flMfc tSHCt = b l „ r . > > 4 CPU T l h l S I Hi**' l.l.-.T r » l . l . ( i l r ) s I I . I uo 
CALCULATE (CI IKFA) (Vh'PSlllt l V t3 :10 , 2 - F K H - 7 M ) 
(CtlEFA) KKHIIil IMIl |CATIIH!;t OHTF.= 1 . A 7 U - 0 S MPKs I . 1 0 0 - 0 ? 
Tints CI IFCK: T int=22: ! )9 : 10.1 Aim. ci-ti Tint: ( sec ) = fc/.oi?i OIMI tint S I N C LUST ctu. ( s i r ) = i*..«-»i 
CALCULATE II-1NTFXIIAL <Vt:lc;il)N JO: 14, 7-FHI-Jt l ) 
STABT J>KVICK 12 I1PUTI (11:1) 
STAHT 0F.VICE 10 INPUT: (U*l,FI>> 
S H U T -ii:vint: u INPUT: ( > : I , F I > 
STAUT OKVICK 1.1 INPUT: <L' i t£r i l ) 
STAIIT I IKVICt' 14 INPUT! (CUCFA) 
DISK FILfcS I N I T I A L I Z E 
T I H E CilFCK: T IHK = 2 2 : S 9 l S 9 . 4 AIIS- CPU f | M K I S E O = rt'(.0t,bj CPU H H F S I N L > LAST CALI <S*C» = . ' > . 0 < ( 
CUM! HF.(K) = 0 . 0 0 0 0 0 0 0 0 I M < * ) * - 0 . 0 0 0 0 0 0 0 0 r K ( m : , l < l ) = ] . 6 J I I - l b 1 . 2 I H - W . P F ( H E , I M > = 4 . < m ! - l l U . O H I I - I S ! . ) ' • H IN 

» » . . . • a • » • • » » . * » . . » . ( 

IIUHP I1F X - A f t l ' l . I T H U K : ; FiiLl.tP4.s:' 
1 

J H F < » < J , 1 > > I M | J ( J , l l l . H F ( X ( J , 0 ) > ) M ( X ( . ) , 0 ) ) 
1 - 1 . 3 4 1 ) 7 ^ 1 ) 1 . 0 . 1 10ti4'-u»l - 0 . 0 0 3 H 2 V U 7 0 . 0 0 0 0 0 0 0 0 . 0 0 0 0 3 1 7 0 .OOOOObJI -ODOUOOOi .OOOOOJOI 
2 - 0 . 0 0 2 1 1 6 3 * ; 0 .00001f l !>3 - 0 . 0 0 0 0 0 1 3 7 0 . 0 0 0 0 0 0 0 0 .001100004 . 0 0 0 0 0 0 0 1 0.0000000113. 00000000 
3 - 0 . 0 0 0 0 0 3 0 4 0 . 0 0 0 0 0 0 0 0 -O.OOOOOOOl 0 . 0 0 0 0 0 0 0 0 O.OOOOOOOOO.00000000 O.OUOOOOOdO.00000000 

ETTf-HJirKlll PAIIAMKT^KSi .1= 3 KB- 4 L A * I D A - 0 ffJK'l- - I 
F I L E HAULS, 11111=^17.2 . r i 4 t l l = C L l / 2 . X 4 E!l= 0.1<»4197 411-01 • Sill. = 1 
HMAX = 2.t.lb411*0.) ltASY = 2 . < * ib lu»03 TIILRH = 1 . 0 0 D - 0 2 
"TAHT I I U T i l l l l l Hlll.UTiniJ (VKKSI I IN 1 0 : 3 0 , 1 3 - » l ' K - 7 7 ) HMAX = 2 . ' U V I U * 0 I 

ME CIIKCK-; T1HK = 2 J : 0 0 ; 0 7 , ; » l tS . CPU TINf i ( S E C ) = 41 .00111 CPU TIrfh. S I S I V LAST CALL J S F r i = 1 , ' i p . 
.START IHWAPi; -ifH.HT(l>N (VRK'.S(I)N 1 0 : 1 0 , 1 & - H 4 ' 1 - 7 7 ) «HAX= 2. '»3ur»u»0J 
T I K E CIIKCK: T I H K = 2 1 j O O : l f a . 0 AuS. CPU r iMK I S E O - 1 0 0 . 10""-o CPU r t M f SII ICK LAST CALL I S r c i = ' . . 4 J l 
CALCULATE <CUKlrt> (VLHSI . IN | f > ! 3 0 , 0 I I -MAK-77 > 
(COEFH) HHKUV INDICATOKS: WHIR* S . 7 0 U - 0 H »,ipt:= 1 . 1 2 0 - 0 * . 
TIMK CIIKCK: T M F = 2 1 | 0 U : ) 3 . 6 *H" i . CPU T!MK (SKC) = l l l . l ' O ' i l l CPU UM:-: S f v j f L I S T CALL ( S V J l •- I . ' . U J I 
CALCULATE ( C I ' F F A ) ( v r u s i l ' l l I f . ; 3 0 , 2-FHi-IU) 
<CHK*A) KHIMIK lN IMCATI I l lS l l i lTK= :> .JJ I I -UT ,".1PK= 2 . O J I I - 0 ' . 
T IHK CIIKCK: TlMH = 2 » : 0 t l ; ' i ' j . l l AIIS. CPU T1HK (: iKC) = 1 2 7 . 0 1 7 7. CPU TtHF. KI'lirK I. J S I CA1I. ( j K ' l = 1 I . Ii n 
CM.CULATL K- IHTKRH1I . (VTICir i lN 2 0 : 1 4 , 7 -FK I I -T t l J 
HTAKT IIKWICK 12 IHPII'i ' i ( i l S ) , 
STAHT III: V I ( I - 10 I.MPIIT: d ; i ) , H I ) 
STAPT l l l .VICF 11 INPUT! ( U I , F U 
STAHT HKVICL 13 INPUT! ( C I I E F I ) 
STAKT IIKVICK 14 l'41'IIT: ( l . ' l l ' : K ) 
UISK K1I.KS I 1 1 T 1 A L I / . K 0 
T I H E CHF.CK: T I M K S 2 1 : O I : i i .> j i.i ';. CP.I fmr: c;s.:) = l 4 ' - . r i n <:rn t t - i " ; i - . . ; I . > T ^ H I I - . I . I - I ' . i i ' 
CUN: I I L ( K ) = o.ooou'Jdiio h i n ; o.oo>)jaoo3 r : ( » r , !••) = j . i i . u - i » . ,i.u.)u<o > " ' ( t i , i i i = i . i i r - l i ».n.n><o> ••. • • - i - . 



ni im' I I K I - H H I ' L I Tunus r i iL i .nvts: 

J K K X C J , l l ) IH(K(.t,l)y H K ( X « J , D > > l » t X < J , 0 > > 

1 -1 .34B721<>S 0 . 1 I O M % H - 0 . 0 0 3 H 2 9 I U 0 . 0 0 0 0 0 0 0 0 .OOOOJUO .110000533 
2 - 0 . 0 0 2 3 1 h 3 ' i 0 . 0 0 0 0 ] D M - 0 . 0 0 0 0 0 5 3 1 0 . 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 4 . 0 0 0 0 0 0 0 1 
3 - 0 . 0 0 0 0 0 3 o < > 0 . 0 0 0 0 0 0 0 0 - 0 . 0 0 0 0 0 0 0 1 0 . 0 0 0 0 0 0 0 0 O. OOOOtiOOOO. 0 0 0 0 0 0 0 0 

r i i i iTi iH Hi i i .T i iMi i . t a m I K S i m s coNVKHr.tn T O I M P I I T L H I T K R H H I M : 
J= 3 
XH»X = 0 . 0 0 0 0 1 1 * 0 0 
XflLBR* l .OOIk-0 ' j 

.OOOOuOOb . 0 0 0 0 0 0 0 1 
O.OOOUOOOOO.OOOOOOOO 
0 . 0 0 0 0 0 0 0 0 0 . 0000001)0 



£ • ? ? ? ? ? ? ? ? ? ? ? : • * • « * * • « « « « • * « * « « « « • • « « 

i « « « « « « l * « « a « ' « * • * « « « , « (A 

l * « < N i , < f H N f M ( N « N « r « * , " N p * ( N « n n ^ r t f l n « T T » 
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l!!!HSi!ii!!§!!ii!!!l!!!ss£S!isiiss§s 
• • o o e o o o o c c o o o o o e e o o o o o o o o o o c o c c o o O Q c o c 

r^: i i i i i i j ( t i l i t l i i l i i i t i i i i i l i l l i i i t t i i 

L f -^ — ^ ^ — ^ ^ w — O O O ^ O C C O O O O O O O O ^ - —•*—•••-— — — — — 

5d=!S = 

X ? - > ? \z r e -• ^ 
— •£ 3 -D 

^ J V f\ fN <r-x *>-* 
h-_ [- T V 
-o i r - - -
t- , • « • 

i f « T f 
1 1 1 1 1 

: « c o o c t i 0 3 o o o o c o o c o o o 0 9 e < ; 9 o e o c c o c o e o c o o o 
s i I I I i ( 1 1 I i i I I i i I i t i 

u < s ^ l i f f r t o ^ f f ' . 1 ( • ( N « * c N n • C T e l " o ? ^ c o ^ \ J P ' S O , , , : T • » ? s • N O i 

H I I 1 1 I I I f t I t I I f | f f | 
*J5 

« ^ r f « ^ . ^ I N * t 

' £ 0 , f l 2£SSSS;5SSS?SS iSSS |S2£SSSaS¥SSSSS£ | 



19* Device 6 output of SHELL 
PRflURAtt SHELL (HAVI.KICH liCATTKH INU CROSS SKCTIUHS VERSION l > : 0 0 , 1 3 - N A Y - 7 7 > RUN DATE 1 5 - S « p - 7 8 T I N E O Q t O l 

BEGIN I l E V t C t •> PAIOHETKI1 I N i ' l l T l 
END lit" HA1N CUMTHlll. I'AHAMETKH I N P U T , INPUT PARAMETERS KULLQy; 

HUq=CK£2 TST I IP - 1 0 . 0 
12= 6 
NA= I K.A= - I 
y iu- 2.JOOOUOOD-OI I I INITSC 1 
J H 4 X - .1 
KHH(|!III = 1 .00 I I -OA E H I I I N T * 1 . 0 0 D - 0 B 
I IHAXI = 0.0001111*00 HHAX2= 0 . 0 0 0 0 0 * 0 0 K H t X ) ' 0 . 0 0 0 0 D * ! > 0 T0LEH1= 1 . 0 0 0 - 0 2 TOLER2* 1 . 0 0 D - 0 3 TDLER3* 1 . 0 0 U - 0 3 
X M I X - O.OOOlllltOO XI ILKH* 1 . 0 0 0 - 0 5 

I'llUTDH ENEIICV I N M - C * * 2 , * = 4 . 5 0 0 9 4 8 ^ 0 - 0 4 

ADDITI I INAL I'AHUHETEttSt 
LAST COUTH IHt lT IDM CALCULATED FURl J > 1 KB> 4 LAMBDAS 0 IOB0» -I 

IHpnilTANT CDHTHI1L. PARAMETERS* 
RUM=CK£2 
ATOMIC NMtlllEH, Z = 6 
PIIUTI1H EIIKIKiY, Us 0 . 2 3 0 KEV, 0 . 0 0 0 4 5 0 MCC, 1 6 . V O RV 
JHAX- 3 
F.KUOHU= t.OOa-CC C K R I N T * 1 . 0 0 0 - 0 0 
h M A X l - 0 . 0 0 0 0 1 1 * 0 0 HHAX2> 0 . O0O0D»OO KHAX3- Q.OOOODtOO T0LER1= 
XHAX = Q . 0 0 O 0 0 0 0 U » 0 0 XDLER' l .OOU-OS 

1 . 0 0 0 - 0 2 TQLE«2» 1 . 0 0 0 - 0 3 T 0 L E R 3 * 1 . 0 0 0 - 0 3 

0UJHI1 STATE PAIIANETKMSl 
17= A , H » - , K A * 

X-AMPLITUDES) 
.1 U E ( X C . I , I ) » 1 H ( * < J , 1 > > 

I.. 2 V 1 0 I 0 U 2 O. OOOOOUUO 
0 .0000 l>>14 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 

RE(X<J,0>> IH(XC),0)> 
-O.0OO0B521 
0.00000002 
0.00000000 

0.00000000 
o.oooooooo 
0.00000000 

.0000 220b .00000000 
0.00000000 .00000000 
0.00000000 .00000000 

.00000001 .00000000 
0.00000000 .OOOOOOOC 
O.OOOOOOdO .00000000 



2 l" d e v i c e s Output oi S'aZLL: Permanent S u b s a e l l l a t a t i l e 

ouZi lo .GGGXuii^olroi 0AIL:15-Sep-76 vEn 4 i 4 / 1 3 / 7 7 
o 
1 - 1 

2.5oooooGG-ul ] 
3 

1 • O0uoo00u-uo 1. ObOCl/CUD-ub 
O.ooooutoo G.oOGoO+oG o.ooGGG+OO l . C 0 u - o 2 l .oGO-u3 l .GoD-03 
U.UOOOUTOO I . o o 0 - v 5 

* K » A-i'u'iirLirijiJtS: 
1 1.2iiluloo20/tw«G 

2.2o45i)-u5 
2 1 . < T 1 3 O 2 4 1 7 $ 2 U - 0 5 

4.219i0-10 
3 5.5i25l6<t6430-l0 

1.21130-14 

O.GOGGGGOoGOiMiO -6.522933175VO-G5 
u.GoGGO-HJO 

O.GOGGGGOCoGO-H/o 
G.OOGUU'M 

G.OGGUGGGGouO+GO 
G.GGGGu+OO 

*** lulilwIOoAL Gw,iiiI3oTIO»\S Hi A-A.'ifLHlb£S: 

5.32310-u<> 
1 .61374669340-09 

l.,fc242D-13 2.2661211V660-13 
2.736bu-la 

G.GOOOGGGCGGO-WO' 
C.OOGOD+00 

G.GGGGGG0GGGD4OU 
O.COQUD+OQ 

G.oGOGGCGGOGO+00 
u.GGGOO+OG 

1 - 1 
1 - 1 
1 
1 
1 - 2 
1 - 2 1 
1 2 o 
1 2 
2 - 2 

1 
1 

1 1 1 
1 1 - 1 

1 1 
1 
1 

o - 1 
1 

2 - 2 0 - 1 
2 2 1 1 
2 
2 
2 
2 
2 
3 
3 
3 
3 i 
3 -4 
3 - f 
3 <t 
3 t 
3 4 

2 
-3 
-3 1 

3 
3 

-3 
-3 

3 

1 - I 
1 1 

1 
1 

G -1 

O.GOOl7o24 G.C0&0U000 26.61 1.60-11 O.ID-KJC 4 .60-U!> O.OO+OU 
-O.oool2l44 G.OOOOGGOO 2 7 . S 4 S O O - 1 2 O.0n-H,0 2.20-oi> G.GO+00 
-o.06373!»10 O.OGUOUGOO 24.7C 1.50-Ub G.LO-tvG l . l u - G 3 G.GO+OG 

G.521»llli u.GGGGOGGG 2 6 . 4 6 1 . 4 0 - 0 6 C.oo+oG b .20 -06 0 .00+00 
- I . 4 5 * 1 2 9 * 3 G.oOCOGOOG 2 5 . 5 2 1 . 5 0 - 0 ? G.oO+Go 1 .70-05 U.GD+OO 
-u.2e;o5296 O.GOUWM/GO 2 7 - 9 4 1 . 2 3 - 0 6 u. lO+oG 3 . 3 0 - 0 6 O.GO+UO 

0.00001421 O.OU00UGG0 26.93 9.20-13 O.tO+OG 2.50-10 O.UD+OG 
O.OOOG1422 O.OUGOOOOG 3 0 . 1 6 2 .GD-12 G.GD+CG 2 . 2 3 - 1 U O.GD+OG 

-O.GGG00002 O.GUOOOOOO l b . l l 1 . 3 0 - 1 5 G-LO-HJO l . fcO-13 0 . 0 0 + 0 0 
-O.GoOGGOuO O.GOOGOGuO 2 4 . 2 6 6 . 6 0 - 1 7 u.GO+oG 2 . 1 0 - 1 4 0 .00+00 

0.oG0OG40l 0.0000<>..00 l b . 4 6 6 . 6 0 - 1 3 0 .00+00 9 . 0 0 - 1 1 G.Ol>+oO 
G.OO001644 O.GOGOoOOG 2 2 . o l b . 6 0 - 1 3 U.CO+uo 2.0U-10 O.OO+GG 

HJ.00003140 O.OOoOOGoG 3 0 . 5 5 l . V u - 1 2 U.Ou+OG 3 . 4 0 - 1 0 G.OO+OG 
-u.Goo01o72 G.OUOGGGGO 3 3 . o u 7 . 5 0 - 1 3 G.oG+ou l . l O - l o G.GO+uG 

C.GoOGGGuu O.OOOGUGOO 3 3 . o 2 5 . 1 0 - 1 7 o.GJ+GG 1 . 2 0 - 1 4 G.GO+GO 
O.GUOOOOOG G.GGS.00G0& 3 7 . 7 V 2 « 9 i M 7 O.tO+OC 9 . 6 0 - 1 5 G.GO+OO 

-u.oouoUOGU O.ooooooGO 1* .19 V.30-2C O.GO+tiO 2 .&J-16 G.GO+uO 
-o.ouOOOUOO O.GUGGGGGO 2 4 . I S 2 . 5 0 - 2 1 G.0O+uu 6 . 2 0 - l i G.GD+UO 

G.ooGOuGGG O-OGUGGoOO 1 9 . 7 1 3 . 4 0 - 1 7 G.00+00 2 . 0 0 - 1 5 G.GO+uG 
o.ooooOUoO O.OGGGoGOG 23 .G4 2 . 4 0 - 1 7 G.oO+GG 6 . 5 0 - 1 5 G.0O+UG 

•u.GGGOuuGO O.uGOGOOGG 5 0 . 6 5 1 . 5 0 - 1 6 G.cO+uG 9 « l i M 5 G.GO+00 
- j .ouoOGoGo G.oGGGUGOG 3 5 . 7 3 5 . 1 0 - 1 7 G.GO+GO 5 . 7 0 - 1 5 G.GD+OU 

o.oGOQGoUU G.GGGGGGGU 3 3 . 5 3 2 . 7 0 - 2 1 O.GG+uG 3 - 9 0 - 1 9 G.GO+GQ 
O.GoGGUOGO G.GGGGUGGG 4 0 . 1 7 2 . 0 0 - 2 1 O.oO+GC 3.GD-19 G.GO+OO 



I/O FOR MFSTR1 

0EV10 
(OPEN 

STATEMENT) 
WAVE 

FUNCTIONS 

DEV5 
W.F. 

OUTPUT 
FILENAMES 

DEV6 
DIAGNOSTICS 

+ERROR 
MESSAGES 

0EV1 
(OPEN 

STATEMENT) 
POTENTIAL 

IF NUMERICAL 

DEV12 
J(q) 

OUTPUT 
FILE 



22- .it'i or neucral Canon's K-s.iell; K, ilrf(il). Error 

1 1 -1 »•9s4654»469524b4D-Ol I.7137u6323S11115tf-u2 9.99041ul6u6616050~01 
l.OuOOGuuuuuuuuuOO-Hiu 1.496396939125672O-02 -1 5.u00QoGG0000G0GGO-ul 0 1 

3.60512240-04 
3.6U466blO-04 
3.6G441250-04 
3.6u41Gu3u-o4 
3. eG33u560-04 
3. o022646t)-J4 
3.tolo3e20-d4 
3.79956o30-o4 
3.797ob99fl-04 
3./9380690-G4 
3.7«6a5710-d4 
3.?6303oW>-o4 
3.77633o90-04 
3.76b7*040-o4 
3.7bO40490-04 
3.735o7/^!-04 
3. 70649l2iK'4 
3.o3450olO-u4 
3.547476bO-o4 
3.44«7<M70-u4 
3.341olb50-O4 
3.22S737BO-04 
3.Gou70baO-u4 
2.77716350-04 
2.56533610-04 
2.36962600-04 
2.19310440-04 
2.0343973U-G4 
1.6»4i9e40-O4 
1.40690170-04 
9.70600510-05 
7.271*5650-05 
7.112U5130-O5 
4.9llb4270-05 
4.u5773410-05 
3.17l57S3iJ-iJ5 
2.654775o0-0S 
2.1u2u9630-05 
1.59667270-05 
1.476bbS40-G5 
1.3GI7553O-05 
5.04e0939D-G6 
6.76977U70-O6 
5.20061190-06 
2.9ol77G70-G6 
2.&0776060-06 
1.95112400-ub 
1.61507650-06 
1.07674620-06 
6.4O377S90-O7 
7.O561076O-O7 
b.6796o650-07 
4. 94021330-07 
3.76310115-07 
2.76471510-07 
2.52573blO-G7 
1.36051940-07 
*.9o7bo66O-08 
9.16914070-06 
7.0*642220-06 
4.97746370-00 
3.792S9610-G6' 
3.54745560-ue 
2.9197176J-0o 
2.2593G680-06 
2.13o07170-06 

o 
U 

0. l/UUUUUUU+UU 
l.WUOUUOU-02 
1.25UOUUOJ-U2 
i . 3UOUUU W-u2 
2.UOUUUUUJ-V2 
2.5oouOUtw-02 
j.VOOUUwUil-02 
3.:>uuuuuk/u-o2 
H.uuuouuui;n/2 
5.(AiouuuUJ-o2 
o.uouuouuu-u2 
7*uuuuuuuj-u2 
0. ui/uuuow-u2 
9«tuuuuuuu-^2 
l.ouuuouou-01 

.i5lM/UUU-Ul 

.3VAJuWl>u-ul 
• uubuuuuii-ul 
Ot/OUuUOJJ-Ol 
• k/i/wwoi/J-ol 
> JOUUOUOU-ul 

t.ljUOOUUUD-vl 
i.UOUOOOUU-Ol 
li.OuoGouUJ-Ol 
7.UIUUU0UL>-vl 
o-uovoui/uu-ul 
Sl.OUt/UUOUll-ui 
1.OUUUUWU"+uO 
1 • ioUuuuuuroi/ 
2. CiGWUuUU+UO 
2.5UOUUUUJ-HJO 
3.UMAIU00-HW 
J . ^ U U G U U O U T O U 
t>ouubou(iOnio 
5.1/l/OUOUuUTUU 
O.W/l/UUUOJ+UO 
7 . UUUUUUUIJTUU 
b.t/UuOiiijuJ'fuo 

I.IAIOOOOULITOI 
1.2iOuuUoJTvi 
1 . 5l/OuOUUO+0 1 
2.iiJuutAiwm/l 
2.ii/uOuOiW-H/l 
3.w/uuOuUO-w;l 
j.iuuuuijuii-tvl 
<t.WJUuuui/0+ol 
5.uuOOoouO-wl 

&.S9236370-01 
9.9*161970-01 
9.99120120-01 
9.99Uo69ofl-Ol 
9.9B»3e630-ol 
9.9o771320-vl 
9.9o5b71uO-Ol 
9.9o325oGo-ul 
9.i>6047o60-ul 
9.9737i»050-yi 

9o3o3570-ul 
95bOl190-01 
9«4925oO-01 
»323652J-U1 
9l639b9u-ol 
077I750U-01 
b2715a4u-Ol 

9.7ulb4i60-Ol 
9.5439o260-Ol 
9.35o695bO-01 
9.H27<>160-Ol 
S:rtJ542;oO-ol 
6.373900SO-UI 
7.76»46440-ol 
7.1?b94290-Gl 
b.56uo3420-Ol 
5.9:>5o96oO-01 
5.37777120-01 
4.09647900-01 
3.0795177O-O1 
1.73261100-01 
9.99o3o520-o2 
5.995*3b50-o2 
3.75024a2o-o2 
2.<t333o42o-v2 

13163660-02 
63134290-o3 
29235520-03 
»726039O-O3 
246luG40-o3 

6. 16963610-04 
3.2604&150-04 
1.55394220-04 
4.4441O79O-05 
1.5636UO4O-05 
7.97915470-ob 
2.4354061O-O6 
7. 7alo696O-07 
l.Ib36213IKi7 

O.OUOOUUUI/TOI -4.6i/409o5O-07 
?.U00UU0UOTO1 
o.uuuuuuOu-H/1 

1 

. 22500120-0 7 
,4o376*60-07 
17393140-07 GUO0000«+Ol -3 

uuoGui/OU-H;2 -4.23o94b/0-o? 
1.25UUUOOOTO2 1.4?57l2aO-06 
1 • iuoooouimi2 -1 • 499uo54i>-0 7 
2. ulloG0uo»WO2 -1.4lbb567il-07 

. juwnoouu-n/2 

. u<ooouu.mi2 
3.iuooouOJ*o2 
4.UUU000UU+02 

O.LU«UUUUO-HJ2 
7.UUOuUOGifH/2 
o.ouuuuuuti-nj2 
».tu0uuuUiJ'ni2 

-I.uuouuuuij-Mjy 

.413472 90-1J 
-2.95U044i-Ob 
-1.7*375960-06 
-4.6u324540-do 

.^.32bo3330-u9 
- 4 . S 1 9 5 # 3 0 0 H ; 9 
-4.3265203O-O9 

25s0629O-yi» 
5.O404632O-09 

-l.UJUOOOUU+uU -l.UUUOOuOD+00 



I/O FOR TABX5 

PERMANENT 
SUBSHELL 
DATA FILES 
FROM SHELL 
OR 
MOD. FORM 
FACTORS FROM 
MFSTR 

DEV5 
DATA FILE 

NAMES 
ETC. 

DEV8 
FINAL 

TABULATION 

••4 



FLOW CHART OF TABX5 

C START ) 

ZERO 
ARRAYS 

STORE 
K-SHELL 
XAMPS 

SEPARATELY 

DEV10 
FNAME 

(ASSIGNED BYI 
\OPEN STAT. H 

READ 
FNAME, 
ELNUM 

OPEN FNAME 
ADD X AMPS 
FROM FNAME 

TO SUM 

READING 
EXACT 
XAMPS 

DEV10 
FNMK 

READ 
FNMK.ELECK 
OPEN FNMK 

DEV10 

INPUT 
K-SHELL 
MFFs 

'FNMK \ Y E S 
> 1 0 B L A N K S > — - * " 

? "© 
OPEN FNMK 
AND READ 
K-SHELL 

MFFs 

$ 

file:///OPEN


FLOW CHART OF TABX5 cont 

1 
KF»0 

>' 
READ 

FNM(KF+1), 
ELEC(KF+1) 
QMAX(KF+1) 

t k t 
KF-KF+1 

OPEN FNM(KF) 
ADD MFF TO 

SUM OF MFFs IF 
QSQMAX 

j i 0 >^FNM(KFP>v 
" * N*10 BLANKS/ 

INPUT 
OF MODIFIED 
FROM FACTORS 
FOR QSQMAX 



i-^SSWJ*" 

FLOW CHART OF TABX5 cont. 

0 V (5) 
u V 

USE MFF*s USE RATIO 
DIRECTLY OFMFFs 

\ ' « a D 1 K D 
\ t 

> / / X Y E S COMPUTE > / / X Y E S NUCLEAR 
THOMPSON 
AMPLITUDE 

> ,m 

i i 

SQUARE 
AMPLITUDES 

> / 

OUTPUT 
RESULTS 
FOR THIS 

Q 

CED 



NUMERICAL D i f f e r e n t i a l Rayleigh S c a t t e r i n g Amplitudes 
> _- <ln c l a s s i c a l e l e c t r o n r a d i i ) £5. Final tabulation 

( • 
C,K ONLV <HKL) 
Atonic Nuaber, Z = 6 

Photon Energy, w = 0.23 keV 

o- 4 A A 
1 2 2 
-<A *A ) C S ( B b ) 

< (degrees > <1/A) 11 1 2 11 l_ 
0.0 0.000{ 0) < 1.93644, 0.00000) ( 1.93644, 0.00000) 3.74979 297.76202 

f 5.0 8.092C-4) ( [ 1.92907, 0.00000) < ; 1.93644, O.O0OO0) 3.73554 296.63100 
10.0 1.617<-3> ^ i.90701, 0.00000) ( 1.93644, 0.00000* 3.69325 293.27228 
1S.0 2 . 4 2 K - 3 ) < [ 1.87044, 0.00000) ( 1.93644, 0.001.00) 3.62418 287.78795 

<'• 20.0 3 . 2 2 K - 3 ) < [ 1.81964, 0.00000) 1 1.93644, 0.00000) 3.53044 280.34468 
25.0 4.015(-3) t 1.75498, 0.00000) I 1.93644, 0.00000) 3.41489 271.16B68 
30.0 4 . 8 0 K - 3 ) 1 [ 1.67697, 0.00000) < 1.93645, 0.00000) 3.28102 260.53880 

(. 35. 0 S.57«(-3) < 1.58619, 0.00000) ( 1.93645, 0.00000) 3.13292 248.77810 
40.0 6.345<-3) < [ 1.48334, 0.00000) ( 1.93645, 0.00000) 2.97507 236.24399 
45.0 7.099<-3) 1 [ 1.36920, 0.00000) < [ 1.93646, 0.00000) 2.81229 223.31736 

c 50.0 7.640<-3) ( 1.24463, 0.00000) 1 1.93646, 0.00000) 2.64950 210.39107 
5S.0 8.S66C-3) < : 1.11060, 0.00000) < t 1.93647, 0.00000) 2.49167 197.85793 
60.0 9. 275(-3> ( 0.96811, 0.00000) ( ; 1.93648, 0.00000) 2.343S9 186.098B1 

c 6S.0 9.967<-3) | C 0.81825, 0.00000) 1 [ 1.93648, 0.00000) 2.20975 175,47107 
70.0 1.064(-2) I [ 0.66216, 0.00000) ( [ 1.93649, 0.00000) 2.09422 166.29766 
75.0 1.129C-2) < [ 0.50104, 0.00000) < [ 1.93650, 0.00000) 2.00053 158.85734 

c' eo.o 1.192(-2) 0.33610, 0.00000) C 1.93650, 0.00000) 1.93150 153.37624 
as.o 1.2S3<-2) I ' 0.16660, 0.00000) 1 1.93651, 0.00000) 1.88925 150.02090 
90.0 1.312<-2) 1 [ -0.00018, 0.00000) t [ 1.93bS2, 0.00000) 1.87S05 148.89330 

( / 95.0 1.368(-2) | [ -0.16895, 0.00000) ( i 1.93652, 0.00000) 1.88932 150.02773 
100.0 1.-12K-2) ( [ -0.33645, 0.00000) < [ 1.93653, 0.00000) 1.93167 153.3«974 
105.0 1.472<-2) ( I -0.S0138, 0.00000) < { 1.93654, 0.00000) 2.00078 158-87719 

o 110.0 1.520<-2) ( [ -0.66249, 0.00000) C 1.93654, 0.00000) 2.09455 166.3 23 3"' 
115.0 1.56S(-2) < [ -0.81857, 0.00000) 1 C 1.92655, 0.00000) 2.21014 17S.50208 
120.0 1.607<-2) ( -0-96841, 0.00000) C 1.93656, 0.00000) 2.34403 186.1344S 

o 125.0 1.645(-2) 1 [ -1.11088, 0.00000) 1 ', 1.93656, 0.00000) 2.49217 197.89748 
130.0 1 . 6 8 K - 2 ) C -1.24490, 0.00000) [ 1.93657, 0.00000) 2,65004 210.43380 
135.0 1.714C-2) t -1.36945, 0.00000) C 1.93657, 0.00000) 2.81286 223.36257 

_̂. 140.0 1.743(-2> [ -1.48358, 0.00000) ( 1.93658, 0.00000) 2.97567 236.29100 
145.0 1.769(-2) C -1.S8641, 0.00000) ( 1.93658, 0.00000) 3.13353 248.82634 
150.0 1.792<-2) t -1.67718, 0.00000) I 1.13659, 0.00000) 3.2H16* 260.58779 
1S5.0 l,81I<-2) C -1.7S518, 0.00000) I C 1.93659, 0.00000) 3.41551 271.21804 
160.0 1.827(-2) [ -l-ai9«2, 0.00000) [ 1.93659, 0.00000) 3.53107 280.39416 
165.0 1.839C-2) [ -1.87062, 0.00000) [ 1.93659, 0.00000) 3.62480 287.83738 
170.0 l.B48(-2) ( -1.90718, 0.00000) C 1.93660, 0.00000) 3.69387 293-32161 
175.0 I.flt>3(-2) t -1.92923, 0.00000) t 1.93660, 0.00000) 3.73616 296.68024 
180.0 1.855C-2) [ -1.93660, 0.00000) [ 1.93660, C.00000) 3.75041 297.01123 


