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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 scatterine
(the scattering off bound electrons) in the photon enersy rance
100 eV < W < 10 MeV. ALl fntermadiate 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 i3 the squared sum of the Rayleigh amplitude and
all other elastic amplitudes (including nuclear Thomson scattering, nuclear
resonance scattering and Delbruck scattering). Well below 1 MeV it is
generally reasonable to consider the bound electron contribution 38 dominant
and to compare cross sections determined solely from the Rayle.gh amplitude
with experiment.

For this calculation of Rayleigh amplitudes, the atom is pictured as
consisting of an {nfinitely massive structureless point of charge Ze and N
bound electrons. The electrons move in a2 common central self-consistent
potential derived from the Coulomb field of the nucleus screened by all the
electrons. The total Rayleigh amplitude is then exprecsed 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:aceount

the dynamical effects of spin and special relacivity. Higher order QED
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effects on wave functions such as the Lamb shift are not considered. The
central field approximaticn, neglecting electron-electron correlations and
approximating exchanpe, by a local exchanse potencial, simplifies the
calculation of the wave functions. Ia thie approximation all the electrons
move in a single, relativistic central potential determined by the mutnal
interactions of all the electrons and the nucleus. This apnroach tn
obtaining a potential and atomic wave functions is called the
Dirac-Hartree-Fock-Slater (DHFS) method. The potential and wave functioné'
are determined in a "self- consistent" manner, A trial potential {a
asaumed, and the wave functions calcnlated for the electrons. The
charge density resulting from the wave functions is used tn determine & new
potential and the process 1s repeated until the wave functiona 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 18 the Kohn-Shrm exchange term which 1s 2/3 of the term oricinally
proposed by Slater, Since the potential each atomic electron sees at larce
distances is that dve to the nucleus of charge Z screened by Nl electrons,
the atomic potential obtained as described above is also commonly modified
by forcing it to fall off as (Z-N41)/i for large distances (Latter tail, 2

is the atomic number and N {s the number of electrons.) For details on
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computing the potential and wave functions see section 5 below.

Two integer quantum numbers, n and K, uniquely chavacterize tha
electron wavefunction, where n ( > 1,) {3 the nrincipal quantum number and K
(1K< =, K ¢ 0) 1» ihe angular momentum and parity quantum number of
the wavefunction {K=F (§+1/2) an § = & + 1/2, vhere § 18 the total
angular momentum and £ 1s the orbital ancular momentum.)

From the Pauli principle, each subshell can contain at most 2j+1
electrons. In the sround state of the atom, the {nner subshells of all
atoms are filled first (small n and |K|). With {ncreasine atomie number
subshella of increasinz n and K are filled. For the nute: suhshells,
though, correlation and exchange effects which are neslected in the DHFS
method are increasingly important. The occupation numbers are nnt uniguely
determined within this model (see ref. 7 for occunation numbers determinad
from photoeffeet). In the enerpy rance considered (above Q.1 keV and below
10 MeV) the inner shells dominate the Rayleipgh amplitude, excent at very low
energies and forward angles, asain justifying the wse of the DHES wodel.

For convenience the order for the filling of the inner subshells fn this
model is given in table I. (This table is useful in formineg input files for
the prograus and showing the correspondence of the notation with others.)

In 2 relativistic, single particle, central potential model the

vave functions are of the general form
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Inkn> = % (£) =
(ﬂ’x(r)/r) Q-Km(f)
where GK(r) and FK(r) are the radial wave functions. In these functions
1= /:T, n is the principal quantum number, K i{s the angular momentum and
parity quantum number of the wave function and is eiven by K = :(j + 1/2) as
J =L £ 1/2, vhere § is the total aneular momentum of the wave function and
£ 13 the orbitsl angular momentum. The functions nKm(fﬁ ate known
{unctlions of the angles with m being the component of 1 alone the Z axis of
the coordinate system.
In the single particle model, the photon-electron scatterine is
described, in lowest order, as a sacord 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):

(K , >
Je,,) % ( OJé.q.) / e_’;)
’VJ' .
4 () ®)

Diagram (a) depicts the process in which the photon is first asbsorbed, while
disgram (e) represents the process in which the photor 1s first emitted.
The electron is seen as absorbing (emitting) a photon, with emerey W,

propogating in a manner determined by the Green’s function (electron

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

The Rayleigh amplitudes are calcul:cedl using an “exact"
partial wave expaneion for each sebshell, as develonned Ly G. E. Brown
(14 al.2 and W. R, Johnson and F. D. Peiock3 to obtain dominant subshell
amplitudes. (For high subshells often a modified form factor may be used,
gee Section 2 below.)

The relativistic second order S-matrix fs the sum of the two diaerams;
i.e.,
£ Sp iy
corresponding to diagrams (a) and (e) respectively. The alactron propagatos
(Green’ns function), which is represented by the connection between the
vertices in the diaprams, may be expanded in terms of a seneralized sum over
all states. Thiz results in the followlng expressions for the S-matrices:

a2 3ul
S a=.i’.'_ie7a(z +k ~E

-~k S
1
£ (kikf)l 2711 f Tt

and

s ©, ~4gie? M bl L -k 8 E<f|A1|n><n|Aflii}
fi : -
(kikf)llz 1 1 °f £’ "n Ei En + kf ?
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T 3
where A {s the photon operator (@ * € e ) and Sn denotes the

generalized sum over states.l'

The total S-matrix may now be written as

* -szlez

S, = -----"/6(31 +k
1/2
(klkf)

"B - ki

vhere
stla;ln><nla, 1> <E|A |n><nlA ] 4>

=5 +
2170 | TE - E - K B - E *k

M

The photon operator A can be expanded in & multipole meries

A A
A= I G (kA
aup MO

where J, M are the photon multipole angular momentum indices {tntal,
projection) and A(=0,1) characterizes the parity of that multinole; 1.e.,
whether it is & magnetic or an electric multipole.

When this expansion is insezted into the matrix element one obtains

X A’
M =T I ¢ (k)C ..(k)H ey
£l M JNA ML JMETTIMA, I°MA

. A
<g[A gy (B) [ro<n]A ] o>

M ‘Al.s -
T, WA Byt W-EB

<g|A§M(i) [n><ulA§.u. &g

‘ Eg -W- En .

vhere
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Here the expression has been rpecialized to the Rayleigh case by setting
[4> = |£> = |g> » |nkn>, and ki = kf = W, These expressions aontain nne
electron’s contribvtion.
This matrix element {nvolves 2 6-dimensional intasral. Therafore,

bafore its numerical evaluation {s attempted further reductions are made.

By defining "perturbed orbitals "

lg><qlA JHInFm>

lnl(n.r" - g
EnK +W- Eq
and
lg><qlA ‘m{nKm'»
||‘ll(m-> -g
EnK ~H - Eq

the matrix element may be written as

A’
HM,J'M’I\ e = <nxﬂl|A J.H.(f)lﬂKnr»

+ <nKﬂ-|AA JoHJ(f)!nKﬁI)t

The pertutbed orbitals |nKet> and |[nKm-> represent the result of absorption

)
i

AL L
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and emission, respectively, of a photon (energy W, quantum numbers J, M, A)
by the initial bound electron. By applying the Diras equation it is found
that they satisfy the following inhomogeneous Dirac equations:
+W - H)|nkmt> = Ax | nKm>
M

y
(LnK

and
(nKm- E WeH <nfn|A
I( nK ) M’

where H s the Dirac Hamiltonian. Par the case of a central atomic
potential, these perturbed orbitals can be expanded in a spherical basia
with the angular dependence described by known functions (analonons to the

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

N
' (SK (r} /1) Ql(ln‘r)\
|nKrjy =L

)
Par, mm e, O
1 1 ’
A large reduction in complexity now occurs hHeecause of tha triancle

conditions on the various angular functions, wvhich have wel) known analycie

integrals. Furthermore, the radial functions do not in fact depend or =.

After all the angular dependence has been removed analytically, there

remains an inhomogenaous radial Dirac equation for each of the Kl—th
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radial components iu the expansion of the perturbed orbital. These are
evaluated numerically.

The method chosen for this work was sugrested by Brown and Schaefet"
and is similar to the method of variation of patnmeters.s In this method
the solution is 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 sxample for SK (r)
1

sll(r) = C\(r)f(e) + Cy(rIn(r).

The cosfficients are deteramined by integrating over the product of the
homogeneous solution and the radial part of the driving term of the
inhomogeneous Divac equation. Becsuse the anqular integrals {n the matrix
element, HJH?\, N are evaluated in terms of kmown functions
(Legendre polynomials of x = cos®, to be precise), the problem has heen

reduced to the calculation of radial matrix elements, called here

R-integrals, for each value of 7, J, K, allowed by trisngular conditions,
and for + W (absorption first/emission first). These R-integrals are

defined a2

A N A A
Vg 4 [ (k'

A A .
l+1' KIQ"H) g‘ Ydr;

1
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A A
kx and ZK are products of the radial components of the bound
I l

state wave functions and the spherical Beagsel funciions from the
uultipole expanaion of the pheton operator.
The apin-angle coefficients obtained analytically enter into the

anplitudes when the sum on Kl is performed. The result of this sum ia

called an X-amplitude and is defined as

A I,A A
X500 = i By R ) + R ()
y 1 1

vhere
2
(K+K1) (211 +1)(2) + 1) AKJKI' for )=0
J(J +1)
I
FA -
(41023, + 125 + YAy o for A=)
1

with ARUK being the spin-angle term defined as

1

Cz(ijl; 0) for KH + KI even
@y * 1 e ® 0 for K+ 1 +K  odd,
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with the C’s being the coupling coefficients.
If the Rayleigh amplitude is decomposed into components correapondine
to photon polarization parallel and perpendicular to the plane of
acattering, (AR” and ARl respectively) then, in terms of the

X-amplitudes we can writa these components as

&y .o @ +F
I o1 J

o )

and

By =@ oxt @+ e o
1 31 J :

with FH and FHI known functions of the anole of seatterine, 6.

For elaatic scattering the differential cross section for unpolarized

photons where the final photon polarization is not measured is

2
r
do e 4R 2
o unpole 2@\"] + A

R

2
.l.”
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where T, is the classical electron radiuvs.
The differential elastic scattering amplitudes A||.fl include the

sum of all elastic processes:

R *
A=A + A
A I 1"
and
R L4
A=A +A
1 "1 71

vhere ARII / Aﬁl ate the Rayleigh amplitudes and A'II / Ail are

the sums of all other elastic amplitudes.

2. Approximations Used

Aside from the obvious approximation of nerlecting higher order QED
effects, the most fyndamental 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 correlations
and core relaxation) are neglected. It can be argued that in the enerey
range considered these effects should be small.1 The approximation
should be better for higher photon energies and larger atomic numbers. The
inner shell structure becomes less dependent on the outer electivnsfor heavy

atoms (the inner shell wavsfunctions become more hydrogenic), and hisher
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energies enhance the relative contributions of ths inner parts of tha atom.

Distinct from these physical approximations is the use of a
modified form factor approximatinn to estimate the contributions of nuter
subshells for the total atom amplitudes at hicher photon energies. This is
desivable for higher Z and W due tn the computer time required to calculate
the “"exact" subshell amplitudes. (For photon enersies above 25 times the
K-shell’s binding enerpy this is an excellent (1-2%) aporoximation for all
shells.) As is typical with the use of multipole and partial wave saries
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 subshells exactly, but to use the modifiad
form factor predictions whenever possible. Fortunately with increasine
photon energies, higher subshell contributinng become relatively asmaller
except at forward anglea and » form factor estimate of them becomes more
reliable. The use of a simple approximate method for bisher shells is
Hﬂtranted.l Recent calculations allow us to put some rouch 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 may optionally use a modified
form factor approximation (MFF) to estimate the contributions of some (or
all) shells.

The modified form factor is defined as

L rzdr

- singr
gla) =dr [ o) 1o
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where q 18 the momentum transfer in units of m,c and {8 related to the
momentum transfer in inverse angstroms by Q(A-I) - 20.6lq(mec). A
lengthy discussion of this approximation has been aiven by Kissel-l

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 doemed appropriate. These calculatinrs are performed with
the ENTS and SHELL proerams.

For the rest of the subshells, the user may use the pronoram MFSTR] to
calculate the modified form factors. The results are combined in the
program TABXS which tabulates differential Ravleioh scatterino amplitudes
and cross sections az a function of angle and momentum transfer. Detailed
degcriptions of these programs will be found below (sections 5-8).

It 18 sugnested that the MFF be used only for those subshells whose
binding energy is a small fraction of the photon enercy (see Table VI). For
4 photon energy close to that corresponding to a radiative trangition to a
lower bound level it is algo necessary to calculate the correspending
shell”s amplitude exactly. Alsc the MFF is never nsed for the K=-shell
(except for extremely high enerpies) since for large momentym transfers (o <
10 A-l) 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-shella.glitude, Yot for scaline the

higher shell modified form factor predictions vhan q > 10 A'l.
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3. Range of Physical Varisbles

The programs have bren designed to work for all atems with 1¢ 2¢< 137,
and all incident photon energies above 0.1 kev and below 10 Mav (except at a
bound bound transition energy). The code will reject any enersy or atamic
number not {n these ranges. The reason frr the unper limit on Z i that the
Dirac theory for a point nucleus fails for Zu > 1, whare a 1m the fine
structure  consktant equal to approximately 1/137. The lower limit on the
photon energy i8 dus to the neglect f exchanee and correlation effects In
the DHFS model. Exchange snd correlation effects would have to be
considered below 0.1 kev. Furthermore the photon energy should be hich
enough so that inner electrons of heavy (hiqh Z) atoms dominate the Ravleich
amplitudes. The upper end of the photon enerey rance is restricted becange
above 10 Mev the {mplicit assumption of a infinitely magsive, structureless
point anucleus bacomes nuestionshle. Fortunately at these very hich eneroiag
the Rayleigh amplitudes at other than forward angles become insienificant
relative to the total elastic amplitude.

Within the 100 ev to 10 May photon energy ranece, there is the further
restriction, caused by the neglect of the flaite atomic level widths, that
the photon energy must not be too near a bound-bound transition enersy. A
resonance occurs at photon energies equal to a bound-bound transition
energy,W 'bIEi - Efl vhere Ei and l!.f refer to two bound state
energies in the self-consistent potential. FPor photon enerpies 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 RSCF prooram. The
Rayleigh scatterine code should be valid for energiea farther than | ev from
& resonance,

The validity of the calculated resules for neutral, qraind state stoms
within the variable ranges defined above hsa been extenaively chacked.
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 inpnt varisbles which are Llimited by
definition. The principle quantum number must be a non-necative intesar
(n 2 1). The bound state angular momentum and parity quantum number, X,
cannot be zero, and is restricted by the propram to be a small inteser (|K|
< 10)» The program performs internal checks on these values. Consistency
of data files (such as bound state wave function checked acainst the
potential) used in the calculations with these parameters {s also
internally checked. An incornsistency will cenerats an error message and the
execution will be terminated. JMAX, the maximum number of photon multinolas

that may be calculated, {3 limited to 300 by the code.

4, Philosophy of Code Desien

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 debuegine and modifications.

Each cycle of the main program ENTS is devoted to the calculation of
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one B~integral of a given set of indices J, LAMBDA, KB, IORD. This
structure allows the program to be stopped and restarted reedily, requirine
the storage of only the resultant R-integral of esch cyela.

During one cycle of ENT5 modules are called meparrtely that calculate
the ouytward and inward solutions of the homomensous Dirme squation
corresponding to the inhomogeneous Dirac equation, coefficiants of these
solutions a(r) and b(r) (for constructing the perturbed orbital), and
finally the R-integral. (See section 6 below for mnre details,)

The code i desioned to allow a atrons sense of confidence fn the
results since each module chacks fts inpnt and uniquely ident?fies its
output. The programs are f{lled wit) internal corsistency checks which
protect against blinders. All input to both the main proeram and
subroutines 18 checked to be sure that it is phvsically reasonable, a1l
agrees with the data the programs may have from ather sources (for examnle,
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 dsta, versus analytically known gquantities.
Becauge of this,the methods used could not be of too hich an order, since
the errors introduced would dapend on higher derivatives of the numerical
data vhich are not always mccurately niven 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 errore

Furthermore, the methods use variable atep-sizes in the intesratinn of
the differential equationa, and in the evalusation of inteorals. Variable
step-gizes avoid wasted computer time. The areatest time is spent in the
fegions of calculation requiring the greatest accuracy: The stap-sizes ara
varied in accordance with explicit error estimates made at each step of the
calculation.

To keep track of the reliablility of the final resultas (as far as the
numetrical errors are coacerned) error estimates are made and accumulated at
each step of the ealculation. This requires the consideration nf
prapagation error and truncation error. The former i{s due to errors in the
input data leadins tn further ertrors in subsequent results. The latter is
due to the use of the particular numerical method at each step.

The close monitorine of errors allows one tn state that within the
range of the physical model, the gumerical methods sive results accurate to
the user’s requested tolerance. Results hetter than 1% are obtained {f the

progran’s default values are used.1
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Dascriptions of the Cndes

5. RSCF==Relativistic Self Consistent Fleld Prooram.

This code produces the self-conaistrnt rotential ind wave-functions for
an atom or ion by the method of Liberman ot al.,6 to vhich wa refer the
reader for a discuesion of the SCF method. The ontinns available are
determined by CARD4 and include: Slater sxchanse ar Knhn-Sham exehanoe (2/3
the Slater term), with or without the Latter tail (r V(r)) ~> (Z-N+l) ae
r => «), and the Rosen-Linderen potential. Th~ Kohn-Sham exchanee with

Latter tail has been used most extensively-and has proven satisfactory in

the keV region.l

A. 1/0 Summary for RSCF(see fing. 2,11).

Device 5 Input: 8
CARD1: Comment Line,-80 ASCII characters in FORMAT(8A10) The first 5
characters are dunlicated in e¢olumns 73-8C nf the output for

identification.

CARD2: ZN, XION, RNUC in FORMAT(8G)
ZN = atomic -number :
XION = Ionic charce

RNUC = Radius of the N:sleus
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Sea Table II for a definitinn of thoga variahles.

CARD3: RN, H, FiI, EPS, DEL, DELRVR in FORMAT(8G).

RN = the maximum radial positinn af the antput {n Bohr radii.
RN » 0.0 defaults to RN = £0.0.

H = A multiple of B ngad tn de ermine the gtep-size. H = 0.0
defaults to H = 32.0.

PHI = potential averasine factnr (V(NEXT {teratinn) =
V(FORMER iteration) + PHI2V{as comnuted from this itaratinn)).
PHI = 0.0 defaults to PHI = 0.3.

EPS = practical infinity far the pntertial in Behr radii.
EPS = 0.0 defaults to EPS = 75.0.

DEL = Accuracy remquirement for the eleanvalues. DEL = (.0
defaults to DEL = 5.0 x10-6.

DELRVR = Accuracy reanirement fnr converaence. DELRVR = 0.0

defaults to DELRWR = 1.0 x 10~

CARD4: KPOT, XALPH, XLATTR, XNNN, FEX in FORMAT(8G)
EKPOT = )| =>-New Potentinl specified bv XALPH, XLATTK, XNNN
KPOT = 2 -> Kohn-Sham potential with no Latter tail.
KPOT = 3 =>:Slater potential with no Latter tail.
KPOT = 4 => Rogen~Lindgren Potential.

XALPH = Exchange coefficient (1 for Slater exchanee, 2/3 for

: |
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Kohn=Sham) .

YLATIR = 0 -> No Latter tail.

XLATIR =] => Use the Latter t1il.

XNNN = | for KPOT = 1, 2, nr 3 (this i~ tha defanlt {f YNNN =
0.)

XNNN = must be snecified far tha Ragen-Linderen Potentisl.
It is an input number fnr ths axrchanoe tarm, sans Ref, 3.)

FEX 13 1 control narameter for {  2n alectran exchanna
potential and bindine enerey calen’ :ions.

FEX = | > Enerey depandent frem=alectron exchinoe.

FEX = 2 «> Annroximate Havtres=Fnck anercies.

FEX = 3 -> Enernins by difference from the zntal enerov.

CARD5: J, NC1, N, NERINT, NDEBUG tn FORMAT (8G)
J = the number of electron nrhitals.
NC1 = the maximum number of cvcles hefore the results ara
dumned and execution ends. NC1 = 0 defaults to NC1 = 30.
N = the number of points in the rad{al mesh. N = 0 defanlte
to N = 421.
NDEBUG = 1 => Increase the mumber of printed diaennsatica.

NDEBUG = @ ~> Hinimum number of diaenostics.

CARD6: For each orbital (I = 1,J),



Paoe 23
(1), XL(1), XJ(1), XE(I), XZ(1), BCOND {n FORMAT (8G).
XN(I) = The orhital’s nrincinle mantwm nunber.
XL(1) = Ity arbital ancular momentun.

XJ(1) = Ita total ancular momentim.

XE(I) = Ita ertinated bindine snerov In Rvdheros (IRv = 13.6
eV), XE(I) 0.0,

XZ(1) = Its occumatinn member (2 x XJ(I) + 1) for full
orbitals. For nartiallw filled arbitale, we suresqt tha
occunatinn numbers deduced fram photn(nnizattnn.s

BCOND = 0.0 (BCOND = 1.0 s'nuld eive Kirner=Sa’tz hawmdarv

conditions. This nption has noyer been tried with these rndes.)

Device & output: Line peinter autput containine
(2) the {anut data verhatim
(b) error estimates for intevratinns, ete.
(¢) eneray einenvalues {n keV
{d) a table nf radii
(d) the charere density
(e) a 1ist of potential screenine factors, and

(£) & copy of the device 7 output.

Device 7 output: (See Fig. 12)

Lines 1-90 contain the relativistic potentfal. After Iine 90

. s
et e St
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come the wavefunctionsg. The potential and wavefunctinng are
"packed" on this data file. The Proerram LWF senarates the wave
functions from the rest.
B. LWF.F4 1/0
LWF.F4 reads the device 8 ontnnt nf RSCF, and the nasr swanlied innut
from device 5 which specifies the desirad wavefnnctinn, and outnnte this
wvavefunction {n a form suitahle far later uwse v ENTS and MFSIR]. Ths nger
sunplied input is
Line 1. 1Z = atomic mmber
Line 2. N,K vhere N = nrincinle enantwn number ,and K = awantum number
combining the total anwular momenttm and the parity. Ke¥F(§+1/2) aq §=4-1/2.
Line 3. FNAME = a 10 character ASCII strine containine the DEC-10
filename and extension intn which the resultine bouand state will he written,
in FORMAT(AlQ).
LWF is an interactive nrosram. All of the mmbers are read in

FORMAT(5G) »
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6. ENTS
ENTS 1a the central prooram in the salenlatinn af the

Ravleieh scatterine amplitudes (flowrhart Flr. 4). The aubrautines af ENTS
calenlate the perturbed orbitals and the P~intansrals, which qre rombiaed in
ENTS to form X-amplitndes. (ﬁhenq auantitiea arn defined {n Sertian | and
darived fn Ref. l.) As deserfiand {n Sectinn 4, the calenlation i done in
modular faghion, each comnlete cvele nf thase mndulee avalwates ane
R-inteora}l of indices J, KB, LA¥MBDA, IORE. After rarh R-inteoral {s
calenlated, tha run time is checkad asainut TSTOP. 1f it {a ore~ter than
TSTOP calculation ceases and the pertineat data (R-inteoralg, X—amplitndes)
are dumned ontn Intermediate etorave files (Davices 7, 8, 9). The nrasram
1s requeed and the calculation restarted. This nrocess cantinues wmtil the
multipole series has converced or the maximum nnwher nf nhaton multinales
has been exceeded. The principal results ace autput {nto the files
associated with device 7 (R-intearals) aad device 9 (X-amnlituder). All the
other storave files eenerated durine the executinn nf ENTS mav he deletnd

upon convergence of the serfeg.

A. TO USE ENT.
(Filenames used here are for convenience of discussion.)

(1) Have available the following files on disk: Lan.POT (contains
atomic potential data, nn-is-atomic number), subshell bound state data file

(from LWF), ENI5S.5AV (core image of the loaded object codes of ENTS, with
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the subrnutine packares ORBS and INTS and remuired utilitv anhrantines).

(2) Create the followina flles on diek: 2 blank files (ralled here
C.STR and K.STR) which will be used as [ntermedfate Rtarane dAnrinec the
calculation} a mafn input file (E.CDR).

B. 1/0 Summary for ENIS

Device 5 input:

The initia] control parameters are nlaced on this device when
the caleculation s started. Filo. 13 shaws the {nitial file for
C+a. Initially, there are aplv E~l/nes. Thav eontafn the
followine infarmation (sae Tahle 1II, “Glabal Variahles of ENTS5").

Line 1. RUN, T3TOP in FORMAT (A6,F10.3)

Line 2. K, KA in FORMAT (4I5)

Line 3. IZ in FORMAT (415)

Line 4. WIN, IUNITS in FORMAT (1PD15.7, I5)

Line 5. IHAX, JINC in FORMAT (415). HNnte JINC {a ahgent {n
the finvre, JINC will be read »s 0 and assloned a defarlt valna:
JINC = 1.

Line 6. FRRORB, ERRINT in FORMAT (1P5D15.7)

Line 7. RM{AX1, R1AX2, R{AX3, TOLER1, TOLER2, TOLER3 in
FORMAT (1P3D12.4, 3010, 2)

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

ENT5 contains default vslues for the data In lines 6-8, sre

Table III.
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When a calculation is restarted, line 9 of thie file 2nntains
the prineiple restart control parameters J, KB, LAMBDA, and IORD
of the last calculated R=-intesral. A list of X-amnlitudeq alreadv
calculatad and, below each X-amnlitude, the ahanlute arrar {n that
amnlitude annear from line 10 tn the end of the flle.

ENTS reads in tha shove variablec thethar thie {s a2 naw
calenlation or a restart. Thev are defined {n Tahle I1I, "Glohal
Variables of ENT".

For a restarted calenlatinn the device 5 inont data is
identical to the devire 9 output nf tha nrevions ralenlation, In

i
order to restart a calculation, this devire 9 antnnt muat be

transferred tn device 5 as input to the new raleulatinn.

Device 4 input:

Input on device & (K.STR) 18 used to indirata tn ENT5 which
snlutions to the Dirac emation have alreadv heen ealenlated and
stored. Initially it is an emnty ffle. After a rmn nf ENT, 2
list of filenames of solutions that have been ralenlated fa antnut
on device 8. This should be wsad as faput an device 4 on the anxt
run of ENT. New solutinns calenlated on this next rmm will be
added to the list and outnut on device 8.

K.STR contains a list of the filenames nsed to stnre tha
inward and outward solutions of the homogeneous Dirac eanatinn

+

calculated by subroutine ELM. The purpase of this list 18 tn kean
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track of wvhich solutions heve zlrendy Sesn commuted. Of the four
indices characterizine an R=intepral these snlutinna are

. identified by IORD and KB onlv. A snlutinn characterized bv IORD
and KB mav be reauired fnr saveral R-intearals which differ in J
and LAMBDA.

An oxample of K.STR {e shawm in Fim. 16 Fach entre {e
stored in ASCII arrav SLIST(I).

Device 12 input:

The homnd state wave fuactlion is ianut on deviee 12

throwmhout tha calculation.
Device 6 output:

If the comnutation 1s nnt nroceadins normally arrar messarac
ansear here. Most of tham will be salf sxnlanatnrv. Snme,
thouth, will return with a statement IFLAG=N. The valves of IFLAC
are aiven in Tahle IV.

The normal Device 6 outnut sienals eontrol theeanch ENTS. When
tha multinole serirs has convereed, ENIS5 lists 2ll partinent data
and makes 2 line printer plot ~f the differential crnss sectinn ag

§ a function of angle. A samnle nf the final device 6 outnut is
qiven in Fie. 17. (But notice that the tntal
rlastic cross section represents the analytic inteoration nvar
aneles of the sum of sauared amplitudes resultins from the ewrrent

calculation only. In eeneral the Rayleich ammlitude is ant tha
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only important elastic amplitmnde. Tntal crnss sactinne cannng he

¢alculated separately for individval elastie nracesses.)

Device 7 output:

This (C.STR) is a semiantial ontnut nf the Reintesrals (the
partial contributions to the L-amnlitudes), and the CPU time
requited for tha calculation Af aach Reintesral. This autont {s
naver used arain by the enrrent nrooram sorfes, hnt this antent
would prove necessarv if separate total pair rroductinn arnge
sectlons are desired. Alsn, 1t 1s naaful tn indirate imnnrtant

contributions to the X-amplitules as a fmctinn of J, KB, otr.

Device & output:

As described previously, onto device 8 (K.STR) is antent the
list of filenames containins snlutions tn the Dirar~ eamatinn whiech
have been calculated by ENTS and stored. This autnut (= then naad
ag device 4 input wien ENT is restarted. Onee the

multipole series has converred, K.SIR mav be deleted.

Device 9 output:

Onto device 9 is output a conv of the main control narameters
which were input on device 5 at the start of the calenlatinn, the
indices (J, KB, LAMBUA, IORD) of the last calenlated R-intearal,
and a list of previously calculated X-amplitudes with their
maximum absolute errors. This output data will become the deviee

5 input data(E.CDR) for a restart.of the calculation,
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Devices 10,11,13, and 14 7rovide intermediate intarnal storaee, and mav
be deleted after converrence of tha mnltinnle serieg, Daviece 0
' containg the autward snlution (the solution resular at the orfein)
of the homorereans [Mrae eauation. Sne the mections on ELY and
SPRUCE below. [Invire }] eontains the Inward snlutinm (the
| solutinn reeular at infinity) of the homacenssna anleeian,  Spa
the gectinns an SUMAC and STRUCE helow. Deviee 13 ecantains the

values as 2 fuictinn nf v af rneff{eient B (COEFB). See the

section nn KILLOW helow. Davice 14 contains the valnes of tha

coefflcinnt A (COLFA). &ne the sectinn an GINEGO halaw.

CO.MON BLOCKS:
Data nassad from MAIN (ENT5) to subroutines {n hath INTS and
0RB5 subroutine raekn-es.
JUAVLE/Z, 12, A
[WALAUT/IPOT, AS, ALANB, £Z, ISZ, VX
/BIACH/ L, YAPPA, DKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE,
R35TOP, R5STOP

/CONST/PI, ALPdA, RY, CON, ELOG

Data passed from ENTS5 to INTS subroutine packaee.
/POPLAR/EA, NA, KA, ANORMA, GAMA

/ERRCHK/WRTE, WRPE, ORTE, GRPE, ATERR,ATERRI, APERRR, APERRI
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€+ Subroutines

The major subroutines nf ENT5 are contained in twn subroutine parkacnru:
ORBS and INT5. The subroutines in ORBS aroduce two linearlvy {ndenendent
solutinng to the homoreneaus Dirac equatinn, The gubroutines in INTS
complete the calculation of the parturhed arhitale and narfarm tha radial

interration to determine the R-intesral.

1. Subrovtines 1/0

The readable outpnt from these swhroutines {dentifisg itqelf nn the
Device 6 gutput shown in Fle. 17. It consists af dizennstics {n the caga of
errors and lines sianaline the call of the oiven suhroutine.

“RAAX = os. RASY = ... TOLER = ..." {1dicates that ENT has
suctessfully completed input checks and has heouwn a caleulatiop af an
R~intesral.

"START OULWARD SOLUTION«.. RM4AX = ..." c{onals 4 call tn FIM.

"TIME CHECK..." gienals a RETURN teo ENT from a subroutine,

YSTART INWARD SOLUTION«.. RMAX = ..." alonals a call ta SUMAC.

“CALCULATE (COEFB)..." signals 1 call tn WILLOW.

“CALCULATE (COEFA)..."” signals a ¢all to GINKGO.

“CALCULATE R~INTEGRAL..." siunals a call to ALDER,

The following signal flow through ALDER:

“START DEVICE 10 INPUT: (GO, FQ)”

“START DEVICE 11 INPUT: (GI, FI)*
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“START DEVICE 13 INPUT: (COEFB)"
"START DEVICE 14 INPUT: (COEFA)",
"CONz..." sienals return to ENT.

The dump is perfarmed next (=~e Sectinn 3 shnove),

2. ORB5 (Subroutine Packaoe)
Thege subroutines cenerate the twn linearly indenandent solutinns to

the homomenenus Dirac equatinm.

ELM (RMAX, ERR,ISOL,ERRASY) ralled bv ENT5 (flowchart Fie 5)

ELM controls the calenlation af the snlution tn the homnoenenns Dirar
eniation which is renular at the nrisin (the so-called outward snlntiom).
The solution 1is in tha form of a vector with two radial comnanents (Go(r).
FO(r)). Tn take advantase nf tha knowm hehsvinr at the nricin
£(r) ~ ¢’ ELM initially solves for (5¢(ms T(rh) = (Gy(r),

For) /', This is conttnued to RIAX, or the first zern of S(r).

whichever comes first. Then ELM salves for (GU‘ FO) ont tn R = RHMAX.

RMAX => see Tahle III.

ERR -> Absolute error tolerance passed to SPRUCE. ERR controls
intearation step size.

ISOL ~> indicates tyne of solution to be calculated (ses Table III).

ERRASY => Error tolerance in determinine asymptotic expansions nf the
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outward aplutions for this RMAX.

COMON BLOCKS:

JMAPLE/Z, 1Z, A

/WALNUT/IPOT, AS, ALAMB, SZ2, 152, V¥

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, CA11A, PHASE, AMP, ISCALE, R3STOP,
R5STOP

/CONST/PL, ALPHA, RY, CON, ELOG

Data passed between EIM and its gubrontines
/0AK/ EP, P4, G1, G2, H
/PALM/ K, N1, N2, N3, N&, N5
/PINE/ P, ANU, B, C

/TATE/ ARRASY, CRR1, CRR2

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

ORIGIN determines the values of (SO.TO) and thelr derivatives
at the oriain by means of a power serles expanalon nf the solution. It
assumes that the atomic potential can be expanded as

V() = (-2 ofr)(l +V, Ar + Vz(u)z + V3(xr)3 + o).

1

No Input.

Output (SO.TO) and d_/’dr(So.To) at the origin.

AN
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COMMON BLOCKS
/MAPLE/Z, 12, A
JWALNUT/1POT, AS, ALAMB, SZ, ISZ, WX
/BIRCH/E, KAPPA, DFAP, AJ, L, LP, CAMMA, PHASE, AMP, ISCALE,

R3STOP, RSSTOP

ASPEN (S, SP, T, TP) called bv EIM

This sudbroutine determines the valuss of (SO'TO) and their
derivativrs at thres more points naar the sriein. It uses a method similar
to one suerested by We R. Johnson (Notre Dame) and nses intermnlation
formulas with the differential emmatinns to ~ive simultanenns aloebraic
equations in the unknowns.

INPUT (SO. TO) and d/dr(SD,TD) at the ariein.

OUTPUT (SO,TO) and d/dr(So.TO) at three points near the oricin.

CO:DMON BLOCKS:
Data passed from ELM to ASPEN

[MAPLE/Z, 1Z, A:

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

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE,
R3STOP, R5STOP

/0AK/ EP, FM, Gl, G2, K
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SUMAC (RMAX, ERR, ISOL, ERRASY) called by ENT5 (flowehart Fie. 6)

SUMAC controls the calculatian of the salutien to the homoosnenus Lirac
equation which 1s reqular at infinity (the inward mnlutiom). The snlutien
is effected by inteeratine the hamozeneous Dirac eanatinn inward from RMAX
to the arisin RISTOF to find the anlut{ons (Gi'll)' Then the nraeram
chanpes variables and snlves for (ul'vi) - rY (Gl'Pt) to . -R5STOP
(very near the oriein} takine advantage of the knowm behavior nf the

solution G(r) v l/rY near the nriein.

RMAX => see Table III.

ERR ~> Absolute error talerance passed to SPRUCE. ERR controls
inteecration sten sfze.

IS0L => indicates tyne of gnlution to he calculated (ser Table II).

ERRASY -> Error tolerance in determinino asymntotic exnanginng nf the
outward solutions for this R{AX.

P3STOP and R3STOP are determined durine the caleulation af the salntien
resular at the orlgin (Subrontine EIM).

R3STOP =position at which nutward solution in FIM chances from
(SD'TO) to (GD.FO).

RSSTOP = position to:stop (Ui'vi) intearation vhich is within nne

step-size of the origin,.

COMMON BLOCKS:
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Data passed by MAIN to SUMAC

/MAPLE/2, 1Z, A

JWALNUT/LPOT, AS, ALANMB, Sz, 1§z, VX

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, GAMA, PHASE, AMP, ISCALE,
R3STOP, R3STOP

JCONST/PL, ALPHA, RY, CON, E10G
Data passed from SUMAC to its gubroutines

/OAK/ EP, EY

/BALM/ K, N1, N2, N3, N4, N5

/PINE/ P, ANU, B, C

/LATE/ ARRASY, CRRI, CRR2

/ASH/ NSKI

TAIL (G, GP, F, FP, R4AX, ISOL) called by SUMAC

TAIL provides startine values for Inward inteeration contralled bv
SUMAC of the homogeneous Dirac equation. It wsaes asymntotic expansions
determined durine the calculation of the outward snlutinn tn find these
values. First, thoush, 1t checks that RJAX 18 indeed In the aswmntotic
resion.

The input variables are described in Table II.

CO:MON BLOCKS:

Data passed by MAIN to SUMAC and then te TAIL.



PORSP

OSSP

Paca 37

JMAPLE/Z, 12, A

JWALNUT/IPOT, AS, ALA4B, S2, 1SZ, VX

/BIRCH/E, KAPPA, DKAP, AJ, L, LP, GAMA, FHASE, AMP, ISCALE,
RISTOP, R5STOP

JCONST/P1, ALPHA, RY, CON, FLOG
Data passed from SUMAC to TAIL

JOAK/ EP, BM

/PINE/ P, ANU, B, C

/ASH/ NSKI
The output {8 (Gi'Fi) and d/dr(Gi.Fi) at &4 nnints in the

asymntot{c regfon.

SPRUCE (S, Sp, T, TP, RMIN, RMAX, IROUTE, ERR, 1ISOL) ealled by EIM and SUMAC

SPRUCE does tae actual inteeration of the radial homooenenus Dirae
equation. It outpuls the wave functions directly antn device 10 for the
out'ard solution and onto device 11 for the inward solution. Much of the
code is devoted to scaling of the data to prevent underflow and averflow hv
nultiplying or dividing the solutions by nowers of 10 whenever tha snlutinns
become too small or large-and keeping track of thess powers in a senarate
integer variable.

A predictor=modifier-corrector method of inteerrtion is nged .9 The

step-size is automatically halved or doubled eccording to the relation of
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the truncation error estimate with the taleravces FRRI, FRR2, ERR3.
If TRROR < ERR] atep-size doubled.
1f ERROR > ERR2 atep=size halved.
1f ERROR > ERR3 FATAL ERROR, mxerution stops,
Four initial points of the esalution nand its derivatives are reamired tn

start the inteoration. Thegs are stored in »rravs S, SP, T, TP.

INPUT: S, SP, T, TP arrays with startin~ valwes in then,

=> Qutward inteoration RV , out

L]
—

IROUTE

=> Inward RT o In

[ ]
~

-7
= 3 => Inward {ntecratinn R , in
= 4 => Outward inteoration k1 , continuum case

=Y
= 5 => Inward inteoRratinn R, ont.

CO4MON BLOCKS:

/MAPLE/Z, 1Z, A:

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

/BIRCH/E, FAPPA, DKAP, AJ, L, LP, GAMA, PHASE, AMP, ISCALE,
R3STOP, RSSTOP

JCONST/PI, ALPHA, RY, CON, ELOG
Data passed from SUMAC to its subroutines

/PAIM/ K, N1, N2, N3, R4, N5

JPINE/ P, ANU, B, C
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JLATE/ ARRASY, CRR], CRRZ

JASH/ NSKI

3. INTS (Subroutine Packase)

The aubroutines in this nackaoe eenerata the final particular salutian
to the inhomozeneous Dirac equation. WILLOW eenerates the
coefficient(COEFB) of the homoseneons solutinn which 1s reeular at the
oriein. GINKGO nenerates the coefficient{COEFA) of 'thn homnaenenna golutinn
which is resular at infinity. ALDER constructs tha final narticular

solution and computes the R~inteqral.

WILLOW (W, J, LAMBDA, IORD, ERR, ISOL) called by ENT (flowchart Fio. 8)
WILLOW evaluates the intesral over ontward solution (Gp.F) of the
homogeneous Dirac equatina multiplled by the drivine term of the
corresponding inhomogeneous Dirac equation. This forms the ceefficient of
the inward solution COEFB(r) used in forming the particular solution tn the
inhomogeneous Dirac equation. The integration methad used 1s a three point
closed type Newton-Cotes quadrature (see Ralston and Wilfg. n.24). This
method has been chosen to-match the intearatfon method used to evaluate
(GO'FO) in that the truncation errors nf{ both methods sre the game. The
step-gize is automatically halved or doubled according to the relation

between the truncation erfor.estimate and the error tolerances TOLER], and
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TOLER 2.

COEFB(r) is nutnut in nrder nf fncreasine r.

Tha input variables are described in Tahle II1,"Global Variables of
ENT".

Tae outward solutinn ig inmmt from device 10, and the brund atate
wavefunction from device 2.

(utput.

COEFB(r) is writtan ontn device 13.

COAMON BLOCKS:

Data passad fron ALY (ERT5) to WILLOW

/MARLE/Z, 1Z, A

/GALNUT/TIPOT, AS, ALAMB, 52, ISZ, VK-

/BIRCH/ E, FAPPA, LKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE,
RISTOP, R5STOP

JCONST/PI, ALPHA, RY, CON, ELOG

JPOPLAR/LA, NA, KA, ANORMA, GAMA

/ERRCHR/WRTE, WRPE, ORTE, CRPE, ATERR,ATERRI., APERRR, APERRI
Data passed from WILLOW to its subroutines.

/ACORN/ R, B, F, LP, GAM, IREC, AM, BM, ICYCLE, IRECA, TOTAL.
ITOTAL, STEBJ, TBIAS, IBIAS, EBCOND

/BEECH/ Ro, GO, FO, MP, CAMO, IRECO, B, C, PHASE, ANU, P. L, NSKD.
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JHOLLY/ RI, GI, FI, NP, GAMI, IRECI, GAMPI, FAMPI, PHASEI, ANUI,

SPI, LI, NSKI, ARRI

GINKGO (W, J, LAMBDA, IORD, ERR, ISOL) cnlled hv ENTS5 (flowchart Fia. 9)

GINKGO evaluates the intecral over the inward salutinn to the
homogeneous Dirac equation multiplied by the drivine term of the
corresponding inhomogenenus Dirac equation, This term COEFA(r) 1s wsad as
the coefficient of the outward solution in formine tha partienlar snlntinn
to the inhomogeneous equation. GINKGO uses the same intasratinn methnd as
WILLOW and is quite similar in most respacts. The inteeral is nerformed
from Infinity to the oriein., Thua, the data from the bound state file is
read sequentially backwards startina from the end of tha file.

For the definitions of the Innut varishles in the ¢allina strine see
Table III. The bound state wave function is read in on device 12, and the
inward solution, that oenerated by SUHAC, is read on deviee 1l.

The output consists of the values of COEFA(r) in order nf decreasine T,

and i3 placed on device l4.

COMMON BLOCKS:
/MAPLE/Z, 1Z, A
/WALNUT/IPOT, AS, ALAMB, SZ, 1SZ, VX

/BIRCH/ E, KAPPA, DKAP, AJ, L, LP, GAMMA, PHASE, AMP, ISCALE,
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R3STOP, RSSTOP

JCONST/PI, ALPHA, RY, CON, ELOG

/PGPLAR/EA, NA, KA, ANORMA, GAMA

/ERRCHK/WRTE, WRPZ, ORTE, GRPE, ATERR,ATERRI, APERRR, APERRI

[ACORN/ R, B, F, LP, GAM, IREC, AM, B4, ICYCLE, IRECA, TOTAL,
ITOTAL, STEBJ, TBIAS, IBIAS, EBCOXD

/BEECH/ RO, GO, FO, MP, GA}O, IRECO, B, C, PHASE, ANU, P, L, NSKO,
ARRO

/HOLLY/ RY, GI, FI, NP, GAMI, IRECI, GAMPI, FAMPI, PHASEI, ARUI,

API. LI, NSKL, ARRI

ALDER (RINTR, RINTI, IRINT, W, J, LAMBDA, IORD, ERR, ISOL} ealled bv ENTS
(flowchart Fia. 10)

ALDER constructs the remired solutinn nf the inhomoeenenus Dirac
equation {perturbed orbital), incornoratine the annranriate hWemmdorv
conditions, and performs the radial intenral over the solution tn determine
the R~integrals. The intearation methnd is the same ac that wsad in WILLOY
and GINKGO.

The input variables, W, J, LAMBDA, IORD, ERR, are defined in Table III
(“Global Variables of ENT").
From device 10 1s read the outward solution in order of {ncreasina R.

11 : inward solution in order of decreasino R.
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) 12 bound atate in arder nf {ncreasine R.
13 COEFB(r); increasine R.
14 COEFA(r); decreasine R,

COMMON BLOCKS:

/MAPLE/Z, 1Z, A

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

JBIRCH/ E, KAPPA, DK¥AP, AJ, L, LP, CAMMA, PHASE, AMP, ISCALE,
R3STOP, RSSTOP

JCONST/PL, ALPHA, RY, CON, ELOG

JPOPLAR/EA, NA, KA, ANORMA, GAMA

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

/ACORN/ R, B, F, LP, GAM, IREC, AM, Bd, ICYCLE, IRECA, TOTAL,
IT0TAL, STEBJ, TBIAS, IBIAS, EBCOND

/BEECH/ RO, GO, FO, MP, GAMO, IRECO, B, C, PHASE, ANU, P, L, NSKO,
ARRO

/HOLLY/ RI, GI, FI, WP, GAMI, IRECI, GAMPL, FAMPI, PHASEI, ANUI,

API, LI, NSKI, ARRI
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7. SHELL

After the multipole series hag conversed in ENTS, the final device 7
output (C.S5TR) 1s appended to the final device 9 outnut (E.CDR). This
combined file baecomes the device 5 input for SHELL. SHELL takes this datsa
and writes it into a permanent subshell data file which nrovides the
X-amplitudes in a form suitable for vse by suhgeanent codes. Stich 1 code 1s
TABXS5 which adds the amplitedes due to several subshells, egtimates hiohar
shells usine modified form factors and alse adds the nuclear Thomson
amplitudes. If ENT5 is ron with a phnton multipale series fncrement JINC
other than 1, then SHELL will intarnolate the misaine X-amnlitudes from the
list of X-amplitudes it is «iven. Care shnuld be exercised vhen usine this

feature of the calculation since it has not been fully investicated.

T0 USE SHELL (see fir. [8)

Anpend the final device 7 output (C.SITR) of ENT5 to the final device 9
output of ENT5 to form device 5 input to SHELL., The device 6 outmnt nf
SHELL contains calculation diagnostics whils the device 7 outmut of SHELL is

the data referred tc as the permanent subshell data file. In the past, the
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namine convention for the file c¢ontainin~ the permanent subshell data has
been of the form "RUN".RAY where RUN ia the ASCII literal nsed tn identify

the caleculation and was in the main parameter innut to ENTS (ree sectiom 6

above) .

8. MFSTR1 (see fie. 21,22)
MESTR] penerates the modified form factor o(n) for a oiven atemie
subshell and outputs 1t as 4 function of the momentum transfer a. The form

factor g is defined in section 2 above,

A. 1/0 of MFSIRI

The device 5 Input consists of the fila name of the bomd state wave
function for which the calculation 1s to be performed and the name of the
file into vhich tha calculated form factars are to be »laced,

The potential L7?.POT (vhere ?? is the atomic number) required for

2(q) muat already be on disk. MFSIRI reads this rotential data from disk.

B. TO USE MFSIR1

i
1
{
|
3
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To use MFSTRI have available an disk the necessary bowd state wave
function file and the corresnondine atomic motential file. Device 5 input
will consist of pairs of ASCII filenames, each nn 2 senarate line., Tha
first filename 19 the name of the file containine the hound stata wave
function data. The gacond filename 18 tha nane af the file Intn which
MFSIR] 1s to write the modified form factnrs. MNFSIR] will STOP when it
encounters a blank Input for the first f{lename nf the nzir. Therefare,
modified form factors for an indefinite nwnber of diffsrent shells =mav be
computed in a single axecution of MFSTR1 by nravidine the necessarv input
pairs of ASCII information.

An examnle of device 5 Input for the calenlation ~f the mndified fomm
factor for the K-shell of carbon wonld be:

CK.HKL
CIMF. HEL
blank card

Fllenames are ASCII strinns left jwstified, in FORMAT(AIOD).
The bound state wave function data file named In the first record

(CK.HKL) 1g input on device 12. The potential data (L6.HKL) must be
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available on disk. This will be inont bv MFSIR] on device 1. (MFSTR! onanc
the bound state wave fuactlon data file and reada the value nf the atamie
number, in this case 6, and commutes the renilred pntential filename.)
Diaonostics of the calenlation are antnut durine ths conrse nf the

calculation onto device 6.

9. TABXS (see fie. 23,24,25)

TABX5 is the proeram vhich nroduces the final Ravleioh amnlitude and
different{al cross section tabulation. It is outnut ag 1 funetinn nf
scatterine annle and of momentum transfer. It containg anntribntinng from
ag many subshells as the user desires (all for ths vhale atem). Tha innut
consists of the files containing the “exact’ innar swhshall contributinne
and the MFSIR output containine the modifiad form factnrs for hiehar shells.
These are added coherently and ths sum is sanared to oive the diffarential
cross sections.

The input variable, QMAX, requires axplanation. Since the modified
form factor is basically the Fourier transform of the charee densitv thars

1s a value of q, the momentum transfer, beyond vhich the modifiad form
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factor decreases monotonically tn zern desrite anv atrneture it has for low
1. QAX 18 3 sudbshell dependent auantitv determinine the momentim trancfer
vhere the contribution Yecomes ineionificant. The nrooram will fennre thie
suhghell for o > Q4AX. It has heen enstomarv to set CIAYX=100 for all §

aubghells (K, L., HI' ete.) since thage have the moast nenetratinae

1
wavefunctions. In these units (€ = m = c = 1) 100 (=206] A-l)

1s a rather laree womentum tranfer and an contributione are fncluded for
almost all q°s. For the othar shells thare 1s a defanlt in TABXS. Settinn
QMAX = =l (N the principle quantum number) forres TABX to sst CGMAX tn »
default which depends on the structure of the wavefwictinns (which in turn
affects the functinnal form of the modified form factnrs). The defanlt ie

QIAX = 206.1%Z a/Nz.

The other variables are straishtforward.

Ao 1/0 Summary for TABXS
Davice 5 input:
CARD1. For each shall for which the contributinne have SYeen commnted

exactly
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FNAME, ELNIM in FORMAT(A10,G).
FNAME 1s the nams of the swhshell data flle,
ELNIM 1s the accunation numher of the sudshell. It 1s

any real positive number <24+1.

CARDZ. BLANX

CARD3. FNMK, ELECK in FORMAT (A10,G)
FMMK 1s the naze of modiffied form factors flle for the
K-shell. If the modified form factor 1s wes: for anv anter shell,
t e K-shell’s modified form factor must be innut, becawsa for
q>10A-'l the ratfo of the hisher subshell’s madified form factors
t» the K-ghell modified form factars is used instead of the hioher
subshell’s modified fornm factnrs directly.

ELECK 13 the occunation number nf the K-shell.

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

frotors a card with
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PNMO, ELEC, QAX in FORMAT(AIOC,3G).
FiM0 {8 a 10 ASCII chiractar name of the file containiqwe
the modified form factors for this snhsehll.
ELEC 18 the accuratinn mmber

QMAX 18 the maximum meomentum transfsr.

CARD5. A BLANK CARD.

Note: If 2ll shells are comnuted exactlv then na cards nf tynae 3
and 4 appear. The deck is then just cards of twne 1, twn Slank

cards and the followine two cards.

CARD6. C041,C0M2 in FORMAT (2A10)
These form a 20 ASCII charsctar comment which is used tn

label the tahulation.

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

INC 15 the aneular increment (intezer mmber nf dearenc).
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INC=0 defaults to INC=15. Wa have been uaine INCsS5.

AT 19 the atomic weicht of the atom., If it is not zern
then the nuclear Thomson amplitudes for a nnclens of the
prescribed AT.

The data files named In the CDR file are read from Device 10.
Device 6 output!
Davice 6 contains diasnostics and error messases if anv, and a list af
the CDR {aput.
Device 8 output:

The device 8 outpu 1is the final tabulation. See fie. 25.
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Subshell
name

Table I.

Spectroscopic
notation

1‘1/2
2-],2
P2
2P3/2
38,72
3,2
3p32
3d,,
3s/2

n

W WWwWwWw NN~

X

1/2

172

1/2
3/2
1/2
172
3/2
3/2
5/2

Filling of Inner Subshells

)

[ o -

#electrons in a filled shell

e rBE NN INNN




A

AAME
A0, BO
B

BCOND
BINDEN
CONVRG
DA, DB
DENS, ¥
DEL
DELRVR
EE2, EY
EPS

ET3
EV, ED
EV3, ER
Ev4, FZ
FEX

FN,FL,FJE
H

J

KPOT

N

KC1
NDEBUG
NPRINT
Ml

14}

TABLE II. Global Variables in RSCF

Major component of wave function. Temporary storace.
Problem name.

Temporary storage.

Minor component of wave function. Temnorary storage.

Gives Wigner-Seitz boundary conditions {f set to 1.

Electron bindine enerpies.

Set equal to 1.0 when converaence criterion 13 met.

Temporary storace.

Temporary storaze,

Aceuracy eriterion for efesenvalues.

Accuracy criterion for convergence.

Exchanne eneray.

Parameter used to datermine the nractical infinitv of
each orbital.

Total enercy.

E=E notential eneroy.

Inteeral of RHO(R)*V(R)
E-N potential enerov.

Control parameter for free electron exchanoe potential and
Bindine enerey caleulations.

Current values of XN, XL, XJ, XE.

Interval of the losarithmic mesh. read as the reciprocal.

Number of shells.

The Kohn-Sham and new potential functions may be specified
By setting KPOT=2 and KPOT=3 for Slater exchange,
Kpot=4 for RosenLinderen potential.

Number of points in radial mesh.

Maximum number of cyeles before dump.

If nonzero additional priating is done to aid in debuggine

If set to 1 gives a printout of the orbital fumctions.

Averaging factor.

Pressure. Temporary storage.



PVT

R1

RHNLJ

RNUC

SIMMA

V0

VRX

XALPHA

XION

XKOOP

XLATTR

Z, ZN

Total pressure.

Integral of charge density.

Sphere radius for newnot.

Table of radii.

Radial charge density.

Temporary storage.

Haximum radius.

Radius of nucleus in Bohr radii.

Sum of eigenvalues.

Constant term in potential near orisi=.

R*V(R)

Free electron exchange potential correction. Temporary

gtorave.

Slater exchange coafficient.

Eigenvalue.

Tonicity,

Total angular momentum of orbital.

Set to +1.0 or -1.0 vhen computing binding enereies.
Orbital angular momentum of major component.
Coulomb tail parameter.

Radial quantum number.

Number of electrons in shell.

Atomic number.




TABLE II1I. Global Variables of ENTS

AJ same as J (dble)

AJA total ang. mom. qu. no. of bound state

AJB total ang, mom. qu, no. of perturbed orbital

ALAMB LAMEDA, parameter used by some potentials

AMP amplitude of asymptotic wave functions

AMUL coefficient of R-integrsls in sum over perturbed orbitals

to form X-amplitude

APEI ALDER propasatinn error (Im)
APER ALDER propagation error (Re)
ANORMA bound state normalization
ATEI ALDER truncation error (Im)
ATER ALDER truncation error (Re)
AS sereening multiplier. In some cases,
AL = AskL. 13z Peacems
EA bound state total energy
EB perturbed orbital total energy
ERR? absolute error tolerance used for controling step-sizes

of intepration schemes (ERR is ugvally in the range 10-4

through 10-10)
(ERRORB used in calculation of perturbed orbitals, ERRINT

used for radfal integrals)

FNAMEL contains 10 character ASCII string for name of disk
file containing inward homogeneous solution
FNAMEQ contains 10 character ASCII string for name of disk
file containing outward 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 ovder of photon absorption-emission



proceas (l=> absorption first;-l=> emission first)

1POT contains code for type of potential being used.
TRINT exponent of R-intearals (RINTR,RINTI)
ISOL flap indicating type of state for perturbed orbitals

ISOL = | => bound state, =1 < EB < |
= 2 => positive energy continuum state, | < EB
= 3 => nepative energy continuum state, FB < ~l
152 same as SZ (iat)
IUNITS switeh specifying units of ‘WIN® enerpy input
INITS = 0 => ‘WIN' 1n mc” (511 kev)
=] = ‘WIN' in kev
= 2 => ‘WIN’ in Rydberss (13.6 ev)

12 same a3 Z (int)

J total ang, mom. qu., no. of photon

JINC increment of photon multipole series

JMAX maximum | of photon angular momentum gum, prosram may

stop before JMAX 18 reached if sum convercence tolerance

is satisfied (see XMAX, XOLER)

KA kappa qu. no. of bound state
KB kappa qu. no. of nerturbed orbital
LAMBDA indicator of photon multipolarity:

LAMBDA = O => magnetic multipole

= | => electric multipole

1A orbital ang. 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 orhital ang. mom. qu. no. of perturbed orbital (L')
NA principle qu. no. of bound state
NAME? contains various ASCII character strines used to

form “FNAMEI’ and “FNAMEO®
PHASE value of phase shift




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

RASY min{mum radisl position to vhich explicit numerical
solutions are to be found. This value is derived

from user supplied tolerance, TOLER?

RINTI imaginary part of R-integral
RINTR real part of R-intearal
RMAX radial position to which explicit numerical

solutions to the homoseneous equations will
be calculated. Maximum of (RASY,RMAX?)
RMAX1 user supplied minimum radial position to which explicit
numerical solutions to the homomeneous equations are

to be found for 1S0L=]

RMAX2 same as RMAX] for ISOL=2
RMAX3 game as RHAX] for ISOL=}
RUN input string of 6 ASCII characters nsed to form

filename of disk files containine the homosgeneous
golutions
SLIST artay containing the names of the outward

homognrreous solutions calculated already

52 asymptotie charqe of potential, ionic charee
TOLER! tolerance used to calculate RASY for ISOLsl
TOLER] equals the value of 1/(P*RASY)

TOLER2 tolerance used to calculate RASY for ISuLL=2

TOLER2 equals value of ratio of the potential
to the kinetic enerey at RASY
TOLER3 same as TOLER2 but for ISOL=3
TSTOP 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 enersy innut (in unite eiven by “IUNITS®)
WRTE WILLOW relative truncation error
WRPE WILLOW relative propagation error
. XAMPL imasinary part of X-amplitnde
XAMPR real part of X-ampl{tude
XEI X-anplitude error (Im)
XER X-amplitude error (Re)
XMAX value used to test convergence of photon multipole series

When the ratfo of tha real part of the electric X-amplitude
to YMAX becomes less then the value of XOLER, the nroeram
terminates. If XMAKX=0.0 on input, then the
ratio of ¥AMPR(J,1) i3 compared to XAMPR(I,I). If this
ratio ig less thea XOLER, the prnoram terminates

YQLER convercence criteria for multipole serfes. If XOLER 0.0
on input, default value of 107 14 asefoned

Z atomic number




Table IV. IFLAG

(a) During initial Input Paramter check

IFLAG Error
1 1z 0
2 I1Z > 137
10 IUNITS < 0
2v IUNITS > 2
160 JHAX < O
200 JUAX > 300
400 JINC > 50 "
2000 EARORB > 10
16600 WIN < 0.0 -4
200006 ERRINT > 10

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

major subroutiae)

LELAG Error
1 Data is being read from the wrong
device.
20 Atomic number inconsistency.
300 Asyuptotic charge of the potentials
do not match
4 U0g Angular moamentua and parity quantum
numbers (Kappa) do not match.
50 000 Energies are inconsistent
600 000 The data being input wae created
with a differnt type 6f potential.
7 000 000 Poteatial screeaing error
80 000 00¢ Inconsistency in Lambda.

In the event that more than one of the above errors occur
IFLAG will be returned as the sum of the appropriate error flags.
For example, 80600301 would sigaify an 1iuconsistency in Lambda,
an. inconsistency in the type of potentlal being used, an inpconsis-
tency in che asyaptotic charge of tie potential, and that the
data was found on the wrong device.
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FLOW CHART SYMBOLS

a Ol

1

FLOW OF CONTROL

TRANSFER OF DATA

PROCESS, PROCEDURE, OR
PROGRAM EXECUTION

HIGH SPEED ON LINE STORAGE
{DISC, ETC.)

DECISION

CONNECTORS

HARD COPY QUTPUT
(LINE PRINTER, ETC.)

INPUT / OUTPUT

'
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Mgures

1, Order of the Calculaticn

2, Data Transfer for Calculating Relativistic SCF Potential and Wave Functions

3. 1/0 used by EMI5

L, ENTS flowchart

5. M flowchart

6. SWMAC flowchert

7. SERIXE flowchert

8, WILLOV flcuchart

9. GINKGO flowchart

10, ALDER flowchert

11, Input ~2 ryCF for He-like Carbon

12, Output of RSCF for Be-like Carbon; potential and wevefunction
13. Initia) E.CIR file for neutral Carbon's K-shell at 0,23 kev.
W, Fipsl " * * s w N e
15, Fioal C.9TR file "  * » . .,
16, Fimal K.S5TR file

17. Device 6 output of the last few modules of ENTS

18, 1/0 for SHELL

19, Device 6 cutput of SHELL

20, Device § cutput of SHELL

A, 1/0 of MR

22. Output of MFSTR1: MF¥'as for Carben's K-shell.

23. 10 of TARXS

24, TFlovepart of TAEXS

25. Hml tabulstion



ORDER OF THE CALCULATION

AUN
RSCF.SAV

SCF POTENTIAL
AND BOUND
STATE
WAVE FUNCTIONS

Program execution

Data

X-AMPS, PERMANEN
RUN PARTIAL RUN SUBSHELL |
ENTS.SAV CONTRIBUTIONS SHELL.SAV DATA
FOR EACH SCHELL EXACTLY CALCULATED _
| 4
FOR EACH SCHELL APPROXIMATED BY
MODIFIED FORM FACTOR
D R FACTOR e
|
AUN Mc':’g':lfo v RUN
| Y MFSTR.sAV FaCIons v > TABXS5.SAV
! 1
S S \Y

TABULATION OF
DIFFERENTIAL
RALEIGH
SCATTERING
AMPLITUDES




DATA TRANSFER FOR CALCULATING RELATIVISTIC SCF
POTENTIAL AND WAVE FUNCTION

a, RSCF

DEVS
INPUT
SPECIFYING
THE ATOMIC
SYSTEM

?S“ DEV 6

P. DIAGNOSTICS
STORAGE RSCF >z AND

OF WAVE DATA
FUNCTIONS ~

DEV S8
“PACKED" FILE
CONTAINING
POTENTIAL AND
WAVE FUNCTIONS

b. SEPARATING THE WAVE FUNCTIONS FROM THE POTENTIAL

DEV 15

DEV 8 QUTPUT
OF RSCF
THE “PACKED"
FILE

DEV 5 DEV 6
sﬁﬁ%ﬁ LWF >x—] DIAGNOSTICS
ORBITAL "

THE WAVE
FUNCTION

T e e




I/0 USED BY ENTS

SN

)

TN

N

DEV 1 DEV 4 DEVS DEV 12
POTENTIAL NAMES OF CONTROL BOUND
(L(2).POT) STORAGE PARAMETERS STATE
FILES (E.COR) WAVE
(K.STR) FUNCTION
/LT \/ \H/
DEVICES {\
10,11,13,14
TEMPORARY N\ ENTS
STORAGE o

N

o
L -
)
'—L—T\ |

DEV 6§

DIAGNOSTICS

/new

PARTIAL
CONTRIBU-
TIONS
{C.STR,
R-INTEGRALS)

)

_

NAMES OF
STORAGE
FILES

TN

Y
oo

CONTROL
PARAMETERS
AND
X-AMPS,

TN




FLOW CHART OF ENT

BEGIN NEW
CALCULATION

CALCULATION

DONE

DEVS ~ INPUT
COR CONTROL f== CONTROL
FILE PARAMETERS
DEV 12 *
INPUT
B ave \TE BOUND STATE
FUNCTION PARAMETERS
y
DEV5 INPUT 408,
. IORD OF
COR CONTROL LAST RHINT.
CALCULATED_‘

LPT
FINAL X AMPS

CALCULATE
DIFFERENTIAL

AN

AND do/dQ
DISPLAY

CROSS-
SECTIONS

END

RESTART OLD CALCULATION

DEVS
X-AMPLITUDES

CALCULATED
PREVIOUSLY
X‘AMPELTUDES CALCULATED
INPUT LIST DEV 4

OF FILE NAMES LIST OF

OF PREVIOUSLY FILE NAMES
CALC. HOMO. OF HOMO.
SOLUTIONS SOLUTIONS

<
N
©

CALCULATION EXCEEDED
PRESINT LIMIT ON
MULTIFOLE SERIES



FLOW CHART OF ENT

cont.

DETERMINE
J,KB,X ,JORD OF
NEXT

CONTRIBUTION

Y

FIND

FILE NAMES
OF INWARD

IL A 4

AND OUTWARD
SOLUTIONS

HAVE

THESE SOLN'S

BEEN CALC.
)

HOMO. SOLN'S HAVE BEEN
FOUND BEFORE AND

ARE ON DISK NO

CALCULATE
LIMITS OF
INTEGRATION

Y

SuB-
ROUTINE

FNAME

A

CALCULATE
QUTWARD
SOLUTION >

Sue-
ROUTINE

ELM

Y

CALCULATE
INWARD
SOLUTION

FUNCTION

INWARD | \j,

©——

SOLUTION

DEV 12
| BOUND STATE
WAVE

FUNCTION

DEV 10
OUTWARD
SOLUTION

DEV 10

OUTWARD

<
)

CALCULATE
COEFB(r)

N VY

SuB-

SOLUTION

DEV 12
BOUND STATE

ROUTINE [

WILLOW

WAVE
FUNCTION

DEV 14
COEFB(r)



FLOW CHART OF ENT

cont.

DEV 10
OUTWARD
SOLUTION

DEV 11
SOLUTION

DEV 12
BOUND STATE
WAVE
FUNCTION

DEV 14
COEFB(r)

Dev 11
INWARD
SOLUTION

\1/

PREPARE
FILES FOR
RESTART

y

(CALL EXIT'

7 SUB- DEV 12
CALCULATE ™27 aouTINE ki) BOUND STATE
COEFA(r) & GINKGO WAVE
q{ FUNCTION
Be

nosgnNE v | CALCULATE DEV 13
ADD R-INT.
TO X AMP.

FIND NEW J,K8,A IORD,
CALCULATE NEXT
R-INTEGRAL



FLOW CHART OF ELM

( START )

CALC. BOUNDARY
VALUES OF 5,T
AT ORIGIN

1

FIND 3 MORE POINTS
TO START INTEGRATION

N Y

SUBROUTINE
ORIGIN

Yy

INTEGRATE TO
FIRST ZERO OF
§

)\ \r

1ROUTE=1

SUBROUTINE
ASPEN

Y

DETERMINE R3STOP
FOR INWARD
INTEGRATION

\

CHANGE VARIABLES
FROM (S.T) TO
(G/F)

YES
R2AMAX

(S,T) ARE BY NOW

DETERMINED TQ

RMAX

A

NO

INTEGRATE
(G.F) TO
RMAX

\f

A

SUBROUTINE

SPRUCE




FLOW CHART OF ELM

cont.

N

DETERMINE
ASY. EXPAN,
FOR QUTWARD
SOLUTION

YES _“BounD

BOUND
TYPE
1SOL=1

( RETURN )

TYPE?
NO

CONTINUUM
TYPE
SOLUTION
1S0L=23

Y

RETURN

N

SUBROUTINE
SPRUCE




FLOW CHART OF SUMAC

FIND STARTING >
VALUES FOR < SUBROLTINE
INWARD INTEG.
INTEGRATE IROUTE-S
> TIN
G.F INWARD =~ SUSS‘F?&E ¢
TO RISTOP <
Y
CHANGE VBIS
IN DIFF. £Q.
TO (UY)
INTEG. (U.V) ROUES
o 13 - —-—
FROM R3STOP < Se
TO RSSTOR <
;
Y

( RETURN )




T A

FLOW CHART OF SPRUCE

CALCULATE
ERROR
TOLERANCES

INITIALIZE
INWARD
SOLUTION

INITIALIZE
DEVICE 11
OuTPUT

INITIALIZE
OUTWARD
SOLUTION

INITIALIZE
DEVICE 10
OUTPUT

A

A 4

Y

START
MAIN
INTEGRATION

INCREMENT
STEPSIZE

——

CALCULATE
PREDICTORS,
CORRECTORS,

MODIFIERS

Y

ADJUST
STEPSIZE
IF NECESSARY

Y

9




FLOW CHART OF SPRUCE cont.
IF NECESSARY,
RESCALE
DATA
GO TO
(1.2,3.4,3)
IROUTE
IROUTE=4
JROUTE=1 IROUTE=2 IROUTE=3,5 OQUTWARD
OUTWARD OUTWARD INWARD CONTINUUM
INTEGRATION INTEGRATION INTEGRATION INTEGRATION
OUTPUT OUTPUT OUTPUT OUTPUT
N Go.Fo , {Gi Fi), Go.Fo
ON ON Ui Vi) ON
DEV 10 DEV 10 DEV 11 DEV 11

CONTINUE
INTEGRATION

COMPUTE
PHASE AND
AMPLITUDE
AVERAGES

NO

YES

EXTRAPOLATE
TO FIND (UV)
AT THE
ORIGIN

COMPUTE
FINAL PHASE
AND
AMPLITUDE
EXPANSION
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FLOW CHART OF WILLOW

ENTRY
i m
BSWF. ===
PARAMETERS

y

INPUT OUTWARD ., DEV 10
SOLUTION = OUTWARD
PARAMETERS SOLUTION

Y

CREATE DEV 13
HEADERTO =
COEFB(r) FILE COEFB(r)

X=X+§

Y

GENERATE VALUE USE ASYMPTOTIC EXP.
OF OUTWARD IN REGION BEYOND
SCLN AT r NUMERICAL DATA

Y

GENERATE
VALUE OF
8.5.ATA

¥

/ p FORM DRIVING
TERMS FOR
INTEGRAND

Y

CALCULATE DEV 13
FINAL RESULTS, = coers
QUTPUT COEFB(r) N n 7
ADJUST STEP-
SIZE

NO%
“

YES




FLOW CHART OF GINKGO

‘ ENTRY )

7
GO TO END OF
8.S. FILE
INPUT DATA P DEV 12
BACKWARDS =< BS.
INPUT -
INWARD P e
' SQLUTION < NWARD
DATA SOLUTION
y
USE ASYMP. NECESSARY IF B.5. DATA
EXP. OF INWARD EXTENDS BEYOND END
SOLUTION IF OF NUMERICAL INWARD
NECESSARY SOLUTION DATA
v
CREATE
MEADER S DEV 14
FOR COEFA(r) 7 COEFA(r)
FILE
-~
g
, o . INTEGRATE INWARDS;. . .
X4X+$ S 1S NEGATIVE
GENERATE
VALUE OF
B.S. AT X

©




FLOW CHART OF GINKGO cont.

&

GENERATE

VALUE OF USE ASYMP. EXP. AS
INWARD NECESSARY

SOLUTION AT X

4

FORM DRIVING
TERMS;
OUTPUT
RESULTS

DEV 14
COEFA(r)

Y

Y

ADJUST
STEP SIZE

©
A

RETURN




FLOW CHART OF ALDER

INPUT SEQUENTIALLY
BACKWARDS TO HAVE
DATA INCREASING
ORDER OF R

INPUT SEQUENTIALLY
BACKWARDS TO HAVE
DATA INCREASING

INPUT
8.SW.F.
DATA

Dev 12

N

Y

INPUT
OUTWARD
SOLUTION

DATA

\

GO TO END

OF INWARD

SOLUTION
DATA

Y

INPUT
COEFB(r)
DATA

7

GO TO END
OF COEFA(r)
DATA

ORDER OF R
&

USE ASYMP,
EXP. AS NECESSARY

USE ASYMP.
EXP. AS NECESSARY

%

X=X+§

Y

GENERATE
B.S. VALUE
AT X

7

GENERATE
OUTWARD SOLN
VALUE AT X

Y

GENERATE
INWARD SOLN
VALUE AT X

Vv



FLOW CHART OF ALDER

cont.

NORMALIZE LATER BY
DIVIDING BY WRONSKIAN

WRONSKIAN SHOQULD
8E INDEPENDENT
OF X

N

\

GENERATE
COEFB
AT X

Y

GENERATE
CQEFA
AT X

\d

EVALUATE THE
UNNORMALIZED
SOLUTION TQ THE
-INHOMOGENEOUS
DIRECT EQUATION

Y

FORM
INTEGRAND

\

EVALUATE
WRONSKIAN
AT X

\

ADJUST
STEP SIZE
IF NECESSARY

DIVIDE RESULT
BY AVERAGED
VALUE OF
WRONSKIAN

4

( RETURN )
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i -1
Sedbuuvoud=Ul l
I

VevuLuUwuw b UeLbuuUudu

»

Veub ud*dyu Lo bLUWItU0 0. LulLlo+D0 0.C000 teutot V. LUSH
NERVVIVIENE NIVERNIR VTN
1i. Final E,CDR for reutrsl Carvon's K-enell at 0,23 <ev
CK226 10.000 TIME:01:09 DATEZ15-5ep=78 VER 43 4/13/7
1 -1
2.30000000~01 1
3
1.00000000-06 1,00000000-08
0.00000+C0 0.0uy00D¢00 0.00000¢00 1.060-02 1.000-03 1.000-03
0.00000+00 1.00D~05 '
k| 4 0 -1
1 1.29101082070+00 0.00000000000+00 -8.5223331759D-05 0,0000000000D+00
2.20450-05 0.00000¢00 5.32310-09 0.00000+00
2 1.91362417920-05 0.0000000000D0¢00 1.6137466954D-08 0.0000000000D+20
4,21990-10 0.90900+09 1.82420-11 0.00000+199
3 5.59251648430~10 0.0000000C000¢00 2.28812119360-13 0.00000000000+00
1.21130-14 0.0000D+00 2.73690-13 0. 00000+00
15. Final C.STR for meutrel Carbon's K-shell at 0.23 kev l -
1-10 1 0.00017824 0.00000000 26.61 1.6D-11 0.00+00 4.8D-09 0.0D+10
1-10-1 =-0.00012149 0.0000C300 27.34 9.80-12 0.0D+00 2.20=99 0.0D+00
1 11 1 =0.06373910 0.00000000 24,70 1,50-08 0.0D400 1.10=05 0.00~00
1 11-1 0.52141119  0.00000900 2643 1.4D=08 0.0D+0Q 6.20=-06 0.0Q0+00
1-21 1 -1.45912993  0.00000000 25.52 1.50-07 0.00+00 1.7D-05 €.0D+00
1 -21-1 -0.28955298  0.03000000 27,34 1.,20~08 0,00¢00 3.30-0A 0.00+40
1 20 1 0.00001421  0.00000000, 28.93 9,20~13 0.0D+00 2.50<10 0.0D*30°
120 =1 0.00001422  0.00000000 30.18 2.00-12 0.0D+00 2.20-10 0.00+33
2~-20 1 =~0.00000002 0.000000600 19,11 1.30-15 0.00+00 1.80='3 0.0D+39
2-20 =1 -0.00000000 0.0000G009 24,25 6,80-17 0.00400 2.1D=14 0.30+00
2 21 1 0.00000461 0.00000C00 13.43 3.80~13 0.00+00 9.00-11 0.QD+00Q
2 21 -1 0.00001344 0.00000000 22.81 B8.80-13 0.00+00 2.60-10 0.00+ud
231 1 -0.00003146 0.00000000 30455 1.90-12 0.0D+30 3.40-10-0.00+30
2-31-1 <0.00001372 0.00000000 33.60 7.35D-12 0.00+400 1.10-10 0.00+0C
2 30 1 0.00000000 0.00000000 33.62 5.10-17 0.0D+00 1.20-14 0.00+00
2 30-1 0.00000000 0.00000000 37,79 2.9D~17 0.0D+00 9.8D-15 0.00+30
330 1 ~0.00000000 0.00000000 19.19 9.50-20 0.0D+00 2.6D-18 0.0D+00
3~30=1 -0.00000000 0.,00000000 24.13 2.50-21 0.00+00 6.20=-13 0.00+0C
3 31 1 0.00000600 0.00000000 19,71 3.,40=-17 0,0D400 2,Rp=15 0.00+00
3 31-1 0.00000000° 0.00000000 23,04 2.4D~17 0.0D400 6.5D=15 0.0D+00
3=41 1 =0.00000000 0.0000C000 30,85 1.5D0-15 0.00+4G0 9.10-15 0.0D+0C
3 40 1 0.000600000 0.00000000 33,33 2,70-21 0.00400 3.90-19 0.00+00 -
? 40 -1 0.00000000 0.00000000 40417 2.0D-21 0,00+00 3.0D=19 0.00+00
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17. Device 6 cutput of the last few modules of ENTS
PROGRAN ENTHL (RAVLETGH SCATTERING AMPLITUDES VENSTON 20230, 1J-uEC-77) PUA DAFE 1%=-bep-70  Tiar 22347
¢
BEGEIN DEVICE 5 FAHAMETLR INPUTS
¢ €MD OF DEVICE S LHPUT, INPUT PARAMETSHS FULLOW:
RUNZCLA TSTOP= 10.0
17= 6
4 NA= 2 KAe -1
WIH=  2.400000JN-0) LUNTTS= 1
JMAXE 1% glits
< ERROKNB= 1. 00N~0h Fuuflt=  1.000-0n
KMANL=  0.0000D¢00 HNAK2= 0.00000¢00 AMAXI:  0.U00QU*00 TULERI= 1.000=32 TOLEKR2:  §.000-03 Ttz 1.000u-0)
< XMAX=  0.000001+UC XuLE%= 1.000-0%
« PHOTOR ENEHGY [N B*C**2, W= 5.47040810-04
i
. POTENTIAL PACKAGE (SUNROUTINE AWARE)
<« SELF=CUNSISTANT POTENTIAL VACKAGE
. SEARCHING FUR DISE PUTENTIAL DATA FILS L .0t
CHKL  SCF UK NFUTWAL CARRUON CC,Z=0), KUMWN=SHAM, L
] LESK POTENTIAL FILE FOUdD
SELF-CUNSISTANT PUTENTIAL €Z=  6,3Z= L, IPar=11)
a
INTTRALEZE OFVACE 12 AND CHECK (BS) VAPAt
1Z= 6 MA= 2 KAz =1 K&z 9, )99676HB=01 ANORNAZ 3. 70413140-01
c 182= 1 1PaT= 11 GAMA=  9.99041020-01 AJA= 0.5 CLA= U Lz 1

FINE CHECK: TIRFE=223%7%3 2u4.6 ARS, CPD TIME USECY = 1.9

RESTARTING AN 1D CALCULAYIOY:
LAST CONTRINUTION CALCULATEDR Fun: J= ) KBz -4 )L AMIbA= 1 LEIE TP |
ANUL=E  3.4923U0950e00

LI LR LY ) “aninsmnnan

aAAaRRAS GSLAasasesstessanandtavtapgeatnas
ITTEVATION | ARRL 1] J= ] 4 LAadb a 1

FILE HAMES, 1MWIT= 122 .4 4 1P1=CLIZ2Z .R 4 ©n= 1. 0005156 +00 JUL= D
UMAX=  1.41600*04 RasY=  1.41630001 THLER=  1.000-01)

STRHT OUTdAUD SULOTLON (VEASTON 102 30, 13-ApH-7T73 HNAr=s L. 4l63001

ERRUR ESTIMATE, EQWIH= 1.6E=-01, AT 1'OGITLIIN W= 1. 0102008 ELXCYEIG P ATAL BYHIEE Tilg b 22X, PuH Iz 1.9 =5}
ERiRYu 1 URFD NH CYCLE T34y IN SUARIGTINE SPRUCE FUN KAPTA: 1a
PARRUETE [RLULE R

. FONY = B.6L7368AN0e0y 5= ) = 119360220000 J(E-2) = 2.2467 1000600 i(d=1) = 4L 1uC 000 ¥
ST(N)= —1.270006duDe 0D S7(N=1)2 =1 2795 INTHe0) S7(4=2)x =1 27309000 e ) S (N-1)3 -1 270 ) Tniean
TIN) = =6, 3THOOIING0N T(N-1) = —G.I7ANAIIDA TH-2) = =0 36110200008 T(N=1) = -n, 31 1dnuBedy
T ()= Fo( =02 1. M dnOuuited (1) =1o 220 4% ditendn
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L ANSERR=  2.,649E202
LY #ELERK=  1.646-13
NEW RELERR=  T,73°=0H

NEd FEREOR = 7,73:-00
TIHE CHECK: TIME=223157t1 57.6 A5. CPU TIME (3EC) = 20.080% CPU TI%r SINCE LAST cal
START INWARD SUHLUTVON (VEKSINN 15230, L= d=-7T7) #HAX: 1.4346)0+04

TIHME CHECK: TL4E=22t158#: 249.0 AlS5. CYY TiME (SFC)
CALCULATE (CUEFO) (VERSI0OH 16230, OMN-MAR~-TT)

CCOFFN) ERRUR THDICATORS: ARTF=  L.0HD-04 J4IPE= 4. 040-03
TIME CHECK: TIME=22:541 40.9 ANS. UPU £IMe (SECY = 55.%224 Gl TEME SERCY LanT caLl
CALCULATE (CNEFAY (VFRSION L6230, 2-FER-TH)
CCOEFA) ERHOU THDICATIHGE: GRTE=  1.Hh70-0% 4PE
TIME CIIFCK: TIME=22:%9: 10.1 ARS. CPY TINE
CALCULATE R-IHTEGRAL (VERSINN 20234, 1-Ftu-ld)
START DEVICE L2 14PuT: (H5)

START DEVICE 10 THPUTZI (GH,F)

START HLVEICE L1 (HPUTS (UL,F1)

START DEVICE 13 INPUFT (CUEFR)

START DEVICE 14 INPUT?: (CUEFA)Y

NISK FILES THITIALIZED

TIME CWECK: TIHWE=22:591 59.4 ABS. CI'M PLME {(SFECY = Hu. 0604 CPU TinF SIHCE LAST CaLY

40,4143 CI'IL TINF SIRCE LALT CcaLt

1.100-9?
{SEC) = &7.017 CEa ftne STNCY LRST calbd.

CONE RE(X)= 0.0000C3000 IHL{X)==-0,.0000N000 CE(RE,I9)= 3. 630-16 1.2%0~16 PF(HF,IM}= 3.930-1L4 0.08D-15
lltt.l.‘lnn.n...hln‘*Qg..‘ltllnn)'lb-..-.nin-.nnnt--n.--.n.-o---------n-.o--..---

BUMP UIF K-AMI'LITUOES Plll.l.ll‘lss;
< RE{(N¢I, 1)) IMENEIA 1) NEC(X(I,0)) IMEX(I,0))

1 ~1.34074195 0.11003%uH -0.00302947 0. 00000000 « 00003170 .0000053) «06000005 .00uV0J0}
2 ~0.00271635 0Q.000018%3 -0.00000537 0©.00003000 - 0G0GU00t L 0Quuadel 0.000000002.00000002
3 ~0.00G00309 0.00000000 ° <=0.000000G01 0.00000000 0.000000000,00000000 0.000900000.00000000

ARKRARAAA A AR A AR AR A RS AR AR ARAARARAARAARALA A AR A adRaliBtanenAATRARAO NRacRSRARERdAERS

ETTEHAT I PARA4ETIWSS J= 3 Kiis 4 LAMIDA= O TOARR: <}

FILE NAHES, DUT=CLI122 W 4 E0=CLL1L2 .Xx 4 EN= 9.9341974p-01 1Si1L.= )

HMAX=  2.91590403 RASY=  2,93L90403 TULER= 1.00D-02

START NUT4aARD TION (VERSTON 10230, 13-1PKR-77) HMAX= Qe ¥H 0N

YE CHECK: TIMF=23:00; 07, AlS. CPW TINE (SEC) = 91.0014 CPO TTAR SINCY LAST CALL (3F0)

START JTHWARYD HOLUTION (VEKSINDN 193730, 16-MAN-TT) RHAX= 2.93660%0)

TINE CHUECK: TIMK=233003 16.0 ApS. CPU TIME (SEC)Y = 100. 1050 CI'U FIMF STHCEF 1LAST CALL {5FCQ)
CALCHLATE (CHEF1) (VEHSTON 1A:10, 0H-MAR-TT)

(CNEFI) FRENE INDICATORS: WHTIE=  5.700-00 d2pk= [, 120=-0%

TEHE CHNECK: TIAF=23300: 13.6 A%, U TIME (SKC) = 1173, 2000 CPY FEME STUCr LRST CRLL (S 0D
CALCHLATE (COFFA) (VFRSINN 16730, 2-FFi=14)

{COEFA)Y ERMUIE TNDQICATHRS: GRTES  He 330=-07 SPi= 2.00-9%

TIME CHECK: TI1ME Vi0Gg S9.4 ARG. CPU [IME (5EC) = 127.0912 CPRU TEINFE STHNCE LAST CAML (sh0)
CALCULATE R-INTEGHIL (VERGTAON 20234, T~FEd-Td)

START BEVICF 12 TRUOUTS (tsy
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START LRV 11 JHPITE (Gl,¥1)
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STAHT NEVICE §4 (NPUTI (CHEFRD

VISK F1LES INLTLALIZEG f

TIME GHECK: TiMrE=271:013 19 Tis. Cpy fruae BT vEOLYST vatt e L)

CANz RE(X)= G,00002000 11(¥)z 0.000D0000 T(nr,t
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RUNP UF X—AHPLITULES FOLLOWS:

J RECKCS,10)  TH(X(I, 1)) RECX(JI, D))
] -1.3487219% 0.110149064 -0.003482917
2 ~0.0023163% 0.000018%) -0.00000537
3 -0.00000349 0.00000000 -0, 00000001

TH{(X{(J,0})
0.00000000
0.00000000
9. 00000000

-00003170 00000531
« 00000004 .000000L]
V. Y00NG0000.00000000

PHUTUON HOULTIPNOLE SEMIES HAS CONVERGED TN INPUT CRITERIA $OH:
3

J=
KHAX= 0.0000HenD
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e it - . .
- — ~ .
h - . .
16. Device €& ocutput of SHELL . .

. PROGRAN SUFLL (RAVLEIGU SCATTHRING CROSS SACTIUNS VERSILON 132400, LI-HAY-=-TT) RUN DATE 15-Sep~78 TINE 09201 -
BEGIN DEVICE 5 PAKAHETER LNPUTZ ;
END OF HALH CUNTHIN. PANAHETENR INPUT, JNPUT PARANETERS FULLQW!

RUA=CKL2 TSTOP= 10.0
f2= 6
NA= 1 KA= -
WiN= 2.3000000D~01 LUNITS: ]
JHANS 3
ERROKH= 1.000-06 EpRINT= 1.00D-06
RHAX 1= 0.00000+00 RMAX2= 0.00000+00 RHAX3I= 0.0000D«)0 TDLER1= 1.000-02 TOLER2= 1.000-03 TOLERI= 1.000-03 4
XHAX=  0.0000v00 XuLER® 1.000-05 :
'
PHOTNR EHEHGY TN H~L**2, W= 4.50094850-04 '
ADDITENHAL PARAHETERS: . +
LAST CONTRIHRUTION CALCULATED FURg 0= 3 KBx 4 LANBDAS O IORD= -} i
AREAARAARN AAAARAASRNAANEAGAGRARARARCARARAARRANAA RS ANGEAARRaNdAARQARdaRRARRRRARS !
AR GA L ARNAA R A A AR RARARAN A AR C AR RAA R AR AR AN ARARNAARNASanoRRtsnacadARatasaAnEd ' L
IMPORTANT CONTRIL PAHANETERSS i
RUN=CKZ2 et
. ATOAIC HUMDEN, 2= 6 Yo
PIKITIIR ENFRGY, Wx 0.230 KEV, 0.000450 HCC, 16.90 RY B
JMAN= 3 . )
ERRGRI= t.000~cL CRAINT= 1.000~-048 |
HMAXL=: 0.00000+00 pHAX2= D.0000N+00 RHAXI» (.0000D¢00 TOLERL= 1.000~-02 TOLER2= 1.000-03 TOLERI= 1.000-03
XHAR= 0.0000000D¢0D XNLER= }.000-0%
'
DUUND STATE PARAMETERS) ’
12= sHAE 1 ,KA= -1 '
X=AHPLIYUDES:
RE(X(0,1)3) 1HINLL,1)) RE(X(J,0)) (IN(X(I,0))
) 1.29101042 0. 00000000 ~08. 00008523 0.00000000 - 0000220% .00000000 - 00000001 .00000000 ¥
0.00001%14 0.00000V00 0. 00000002 0.00000000 0.00000000 . 00000000 0.06000000 .0000000C -
0.00000000 O.00DOOODO £.00000000 0.00800000 0.00000000 .00000000 0.000000006 000063000

i}

.
-
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C,K ONLY (HKL) 4
Atomic Number, Z = 6
Photon Energy, W = 0.23 keV
1 2 2

A A -(A +A )
11 | Y 2 11
1.93644, 0.00000) t 1.93644, 0.00000) 3.74979
1.92907, 0.00000) ( 1l-93644, 0.00000) Je. 73554
i.90701, 0.00000) ( 1.93644, 0.00000) 3.69325
1.87044, 0.00600) ( 1.93644, 0.00400) 3.62418
1.81964, 0.00000) € 1.93644, 0.00090) 3.53044
1.75498, 0.00000) ( 1.93644, 0.00000) 3.41489
1.67697, 0.00000) ( 1.93645, 0.00000) 3.28102
1.58619, 0.00000) { 1.93645, 0.606000) 3.13292
1.48334, 0.00000) { 1.93645, 0.00000) 2.971507
1.36920, 0.00000) ( 1.93646, (.00000) 2.81229
1.244613, 0.00000) { 1.93646, 0.00000) 2.64950
1.11060, 0.004000)  1.93647, 0.00000) 2.49167
0.96811, 0.00000) ( 1.93648, 0.,00000) 2.34359
0.81825, 0.006000) { 1.93648, 0.00000) 2.20975
0.66216, 0.00000) ( 1.93649, 0.00000) 2.09422
0.50104, 0.00000) {( 1.93650, 0.00000) 2.00053
0.332610, 0.00000) ( 1-.93650, 0.00000) 1.93156
0.16860, 0.00000) { 1.935651, 0.00000) 1 88925
-0.00018, 0.00000) { 1.93u52, 0.00000) 1.87505
-0.168959, 0.00000) ( 1.93852, 0.04000) 1.88933
~0.33645, 0.00000) ¢ 1.93653, 0.00000) 1.93167
-0.50138, 0.00000) ( 1.93654, 0.00000) 2.00078
-0.66249, ©0.000090) { 1.93654, 0.00000) 2.09455
-0.81857, 0.00000) ( 1.53a5%, 0.00000) 2.21014
-0.96041, 0.00000) [ 4 1.93656, 0.006000) 2.34403
-1.11088, 0.00000) ( 1.93656, 0.00000) 2.49217
-1<24490, 0.00000) { 1.93657, 0.00000) 2.65004
-1.36948, 0.00000) ( 1.93657, 0.000089) 2.81286
~1.48358, 0.00000) ( 1-93658, 0.00000) 2.97547
~-1.58641, 0.00000G) ( 1.93658, 0.00000) 3.13353
-1.67718, ©.00000) ( 1.9365%9, 0.00000) 3.24164
-1.7551d4, 0.00000) {( 1.93659, 0.00000) 3. 41551
-1-21982, 0.00000) ( 1.93659, 0.00000) 3.53107
-1.87062, 0.00000) ( 1.93659, 0.00060) 3.62480
-1.90718, 0.00000) { 1.93660, 0.00000) 3.69387
~1.92923, 0.00000) { 1.93660, 0.00000) 3. 13616
~1.93660, 0.00000) { 1.93660, C€.00000) 3.75041
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297.76202
296. 63100
293.27228
287.78795
280. 34468
271.16868
260.53880
248.77810
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223.31736
210.39107
197.85793
186.098B1
175.47107
166.29766
158. 85734
153.37624
150. 62090
146.99330
150.02773
153.35974
158.87719
166.32337
175.50208
186. 13445
197.89748
210.43380
223.36257
236.29100
249.82634
260.58779
271.21804
280.39416
287.33738
293.32151
296.680214
297.81123



