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ABSTRACT 

Emission and absorption of radiation by diatomic molecules is reviewed, and 

elementary molecular theory for use in a variety of applied physics and engineering 

problems is presented in a semiclassical manner.  A computer code for the numer- 

ical integration of the radial Schrodinger equation has been created and is docu- 

mented as a subroutine of a code for the computation of the electric dipole-moment 

matrix elements of diatomic molecules.   The effect of vib'ation-rotation interaction 

on high v-J matrix elements is discussed. 
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INVESTIGATIONS OF FUNDAMENTAL 
LASER PROCESSES 

Vol I: Computation of Vibration-Rotation 
Matrix Elements for Diatomic Molecules 

1 
INTRODUCTION 

The molecular parameters most important to the design of chemical laser systems and to 

the interpretation of chemical kinetic information are the electric dipole matrix elements of 

high v-J molecular transitions.   Recently, matrix elements have been calculated analytically 

with the perturbation theory for both the harmonic oscillator [1,2] and for the Pekeris oscillator 

[31.  Adequate agreement with experiment has been found for transitions involving low vibra- 

tional and rotational ln els [4, 5|.  However, perturbation methods do not apply to high vibra- 

tional and rotational f ..tes, since these methods neglect the extenpive effects of the interaction 

of vibration and rotation.   In many applications, exact numerical computation is necessary in 

order to achieve the accuracy required. 

In Section 2, the absorption and emission process is discussed; the radial Schrodinger 

equation is presented; and the electric dipole matrix element is defined.   The matrix elements 

are evaluated in Section 3, and Section 4 includes a description of the computer code for the 

numerical integration of the matrix elements.   The angular matrix elements are evaluated in 

Appendix I.   Appendix Ü presents a listing of the matrix-element calculation computer code. 

2 
DEFINITIONS 

2.1.   THE ABSORPTION PROCESS 

Consider electromagnetic radiation of frequency f (Hz) passing through an absorption cell 

of length x (cm) is shown in Fig. 1.   The intensity of the radiation entering the absorbing gas is 
2 I (f) ergs/(cm -sec).  At any point within the cell, the intensity Is 1(f).   By Lambert's law, the 

loss in the intensity of the radiation, when It passes through an element, dx, Is 

yf> 

FIGURE 1.   RADIANT INTENSITY TRANSMITTED THROUGH 
A CELL OF LENGTH x 
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dl(f) =-k(f)I(f)dx (1) 

1(f) = ro(f)e"k(f,x (2) 

where k(f) is a frequency-dependent function called the absorption coefficient. If the absorption 

occurs because of a transition from a lower, discrete level, i, to an upper discrete level, k, the 

absorption coefficient is written as 

k(f) = ^.Fff - fki) (3) 

where S. . is a number designating the strength of the transition; f,. is the center frequency of 

the line; and, F is a function of frequency which describes the spread of the absorbed radiation 

about the center frequency, f, ..  F is the line shape of the transition.  Its form depends on the 

process perturbing the levels and thereby spreading them out.   For example, if collision pro- 

cesses dominate, the shape for near infrared lines is Lorentz. 

F(f) -~ -= ^ 5= (4) 
.[(f-fki)

2
+r2] 

where y is the half width at the half height of k(f) [1). 

Infrared spectroscoplsts generally describe the electromagnetic spectrum by wave number, 

v (i.e., the number of wavelengths. A, in a centimeter), in units 1/cm. Conversion factors be- 

tween wave numbers, hertz, micrometers, angstroms, ergs, and kilocalories are 

v{cm' = f/c 

i^cm' = 10+8/A(Ä) 

f(cm" = 104/A(/im) 

(--(cm" = E(ergs)/hc - 5.035 > 

^(cm" = 1.2028 x 105 E(kcal) 

.15 

where     f = frequency in hertz 

c = speed of light 

E = energy 

h = Planck's constant 

The strength of a line is determined spectroscopically by measuring the area under the ab- 

sorption coefficient.  Since the shape factor, ¥(v - v..), is normalized to unity 

f      k^-^d^^f      F(.-.kl)d. = Sk. 
'line *" ""''line '' Kl 

where u. . = line center in wave numbers 
^ki 
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The quantum mechanical expression for line strength is given by 

8 A. .N. 
o ki   i 
öki "    3hg.c — ^ 

<P(r, ", 0)>kif
2 (6) 

where   T ■ temperature 

k - Boltzmann's constant 

N. - the number of molecules per cubic centimeter occupying the lower level 

g. = the statistical weight factor for the energy level I 

The quantity </i(r) 0, <l>)>. ■ is the quantum mechanical average of the electric dipole moment 

,n(r, '), (j>) between the levels k and I.  More will be said of </T(r, fl, 0)>k- in the following sec- 

tion. 

The </i(r, a, 0)>k- is related to the Einstein transition probabilities so that 

Bki=J^-|<^"'^kl|2    (molecu^rg-sec) (7' 

B     -^R       I cm ) (8) 
ik " g.    Ki    I molecule-erg-secy 

0) 
64.4,.3. 

Akli^hg1f
,<"(r'"'*)>kl,'    1/seC 

A
kl = 8^klhBki 

where B. . - the transition probability for induced emission of wave number M. . 

B..   = the transition probability for Induced absorption of wave number v., 

A, . - the transition probability for spontaneous emission of wave number v.. 

g.   = statistical weight 

</i(r, i), 0)>k- = units esu-cm, where 1 esu =  Verg'cm 

Intensity rather than energy-density Einstein coefficients are used.   That is, 

Bki(intensity) = —BJ^J(energy density) 

The inclusion of 4;? in these relations implies radiation Into a hemisphere, rather than Into a 

unit solid angle.  Hence, the units of B.. are not per steradian. 
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2.2,   MOLECULAR THEORY 

The internal motion of a diatomic molecule is best described by the relative coordinate r, 

defined in Fig. 2.  The rotational energy {Ea) of the molecule is given as 

& 
m, 

CM X) 
mn 

FIGURE 2.  RELATIVE COORDINATES FOR A 
DIATOMIC MOLECULE 

where a' is the rotational frequency, and I is the moment of inertia.  Since the rotation axis 

passes through the center of mass, 

i 

, ,  2 2 2 I = >   r. nij = mjTj + m2r2 (10a) 

where nij and m« are the masses of the two atoms.  The moment of inertia may be written in 

terms of a reduced mass m 

I = mr (10b) 

where 

m = 
mlm2 

m1+m2 

For descriptive purposes, it is apparent that the molecule can be described by a point 

mass of value m a distance r from the origin, as shown in Fig. 3, where K . are the electronic 

coordinates.  If it is assumed that the electronic, vibrational and rotational motions are indepen- 

dent, a function ^(r, B, <l>) may be written as a product of functions of a single coordinate [6]: 

iA(r, 0, 0) = R(r)pJI(cos ö)e1M* 

Mr, o, t) = R(r)Y™(ö, <t>) 
(ID 

where J and M are quantum numbers specifying the total angular momentum of the molecule 
M M and its projection on a direction fixed in space and Pj  = a Legendre polynomial.  YT (0, 0) are 
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FIGURE 3.   ORIENTATION OF A DIATOMIC MOLECULE IN 
THE LABORATORY FRAME (0, <t>) 

associated Legendre polynomials.   The functions R(r) are solutions of the radial Schrodinger 

equation 

d U{r) ^ 8JT m 
 Z-    —2~ 

dr h 
E - v(r) "     2     2J(J + ^ 

877 mr 
U(r) - 0 (12) 

where U(r) = rR{r) and E is the internal energy of the molecule and assumes discrete values. 

V(r) is the potential energy of the molecule.   To a low order of approximation, the nuclear mo- 

tion may be assumed to be harmonic (i.e., V(r) s -k(r - r )/2j, and the term J(J + l)/r   may 

be replaced by J{J + l)/r .   For this approximation, the Internal energy for the ground electronic 

state is the sum, E, of vibratlonal and rotational energies 

E --w (v + 1/2) + B J(J + 1) (13) 

where a1   and B   are spectroscoplc constants In wave-number units, and v is the vibratlonal 

quantum number.   Absorption and emission occur between two levels labeled v'J' and vJ, re- 

sulting in a band structure shown in Fig. 4.   Transitions are allowed only between levels so that 

AJ    J' - ,1 = ±1.   The transitions that occur in the smaller wave-number side of the band cen- 
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we(V + 1/2) + 20 B 

w>' + 1/2) + 12 
V     J' = 3 

ujv' * 1/2) + 6 B 

^(V + 1/2) + 2 B 

^(V + 1/2) 

V     J' = 2 

we(v + 1/2) + 20 B 

w (v + 1/2) + 12 B 

^(v + 1/2) + e B 

we(v t 1/2) + 2 B 
we(v + 1/2) 

I      I 

I 
i 

I 

P Branch       u {v< - v)     „ n Vv     v'      R Branch 

FIGURE 4,   ZEROTH ORDER ENERGY LEVELS AND BAND STRUCTURE 
OF A DIATOMIC MOLECULE 

v - 
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ter (AJ - -1) are called P branch lines, and those on the larger wave-number side (AJ = +1) are 

called R branch lines.  A more realistic model for the potential function produces important 

quantitative differences in the energy-level scheme and band structure: but the qualitative fea- 

tures are unchanged.   For a given energy level, the label i then becomes i——»(v, J), and the 

wave function is written v^Ur, ■', 0).   The significance of ^    (r, •', 0) is that the product 

v'Jr, ■■, 6)'^ T(r, ", 0) is the probabilitv that the molecule will be oriented at the angles ■', 0 

and that the nuclear separation will be r.  Since the molecule exists somewhere in space, 

w    (r,   •, 0) is normalized to 

(14) v' (r, ■', 0)v    (r, ■■, 0)r   sin ■'drd',d0 - 1 
space 

As a shorthand notation, the symbol fvJ> is introduced 

[vJ> ^ ^vJ(r, •', 0) 

<vJ I = Vyjir, ■', 0) 

and the integral over 'he coordinates of the product of two functions are written as 

<vj|vJ> -   JJJ ^* (r, •), <t>Wvj(r, % 0)r2 sin ■'drd^d0 (15) 
space 

This notation is extended 1:0 include integrals which encompass a third function 

<v'J'l~(r, •■, 0)|vj> =   jjj i^*, ,(r, •', 0)~(r, •', MM; •), 0)r2 sin •'drd.'d0     (16) 
space 

The quantities <v',Vlii(r, ■', 0)|vJ> form the elements of a matrix for arbitrary vJ and v'J' and 

are called matrix elements.  Equation (16) is the definition of the electric dipole matrix ele- 

ments.  The magnitude of the matrix element <v'J'f/'(r. ■', 0)|vJ> determines the transition 

probabilities for absorption and emission between levels v'J'«—»vJ, according to Eqs. (7), (8), 

and (9).   That is. since the J levels are degenerate in M 

<M(r, -', 0)>k. -   J^ <v'J'M'|~(r, -', 0)|vJM> (17) 

M,M' 

3 
EVALUATION OF THE MATRIX ELEMENTS 

Accurate evaluation of matrix elements for even morlerately large v and J requires realistic 

models for the mechanical potential function V(r) and requires that the vibration-rotation inter- 
2 

action J(J - 1) r   * J(J + 1), r   be taken into account when the i>(r, •', 0) are evaluated.   The 
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general shape of a potential function for a given J is shown in Fig, 5.   The contuur represents 

the minimum and maximum separation of the nuclei (i.e., the turning points of the classical 

motion).  D   is the dissociation energy.   Each line In the well represents a possible vibratlonal 

energy for a given value of J.   Near the bottom of the well, where the oscillations are small, 

the form of V(r) is more nearly parabolic, and the harmonic oscillator approximation is useful. 

For moderate v, the details of the well must be known for quantitative work.  The appearance 
2 

of J(J + l)/r   in the Schrodinger equation results in an effective potential energy which, as Fig. 

6 illustrates, raises the potential well for the lower portion of a Morse potential. 

V ,,(r) = D eff e 

-|3(r-r ) n2 
h J(J + 1) —r- 

L     r    J 
(18) 

Wave functions which we computed numerically from Eq. (12), using the Morse potential and 

including the vibration-rotation interaction, are shown in Fig. 7.   The ordlnate in Fig. 7 is the 

dlmensionless energy unit E = —gTröTg' 

A realistic model of the electric dipolc moment must be established.   Let ^(r, 0, <t>) be the 

dipole-moment function described in the laboratory frame.   The moment fixed in the molecule 

(/;„) has a component only along the internuclear axis (Fig. 3).   /J-, depends on the electric 

E(cm'1) 

-D   - 

I                                 /             v ^ 4-' 

Lr-s, Ai 
v = 2V—'-j—V                 N^ 
V= ovj^^x                 v = sX^j 

■3 

.2 

.1 
■0 

•3 
.2 
.1 
•0 

FIGURE 5.   V(r) FOR A DIATOMIC MOLECULE (SCHEMATIC) 

8 
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FIGURE 6.   MORSE POTENTIAL FUNCTIONS AS A FUNCTION OF J IN THE 
BORN-OPPENHEIMER APPROXIMATION 
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 i i J i i i i i i i 
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NUCLEAR SEPARATION (BOHR RADII) 

FIGURE 7.   MOLECULAR WAVE FUNCTIONS GENERATED BY SCHR 

charge distribution and motion, and it may be described by a coordinate system fixed in the 

molecule 

F = -eL,zi +Z]eZj (19) 

where the coordinates are relative to axes fixed in the molecule,  z, refers to the electronic 

coordinates, and Z. refers to nuclear coordinates.  If K equals the coordinates which describe 

the charge distribution 

^F = M(K) 

From Fig. 3, the vector /Kr, 0, 0) = {ßv, P- , /O may be written as a product of p.-, the mole- x     y     z r 
cule fixed dipole-moment function, and the direction cosines 

10 
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i . = /ip(K) cos (x, Z) = ;J_(K) sin •' cos 0 

/,    = /■Tr(«) cos (v, Z) = ^„(K) sin '» sin 0 
V r r 

(JZ = |jp(K) cos (z, Z) = ^F(K) cos 

(20) 

The matrix elements of ;; .(r, •', <i>) are 

<v', J', M', n'|;Jx(v, J, M, n> =    dK jjdrr2 sin »»d|.d''**(K)^*,J,M,(«', •', 0i/JF cos (x, Z) 

X *n(K^vJM(r> "' *' 

where * {K) are the electronic wave functions for the electronic state n.   The term electric 

dipole moment, as it is used In molecular theory, generally means the electron-dependent in- 

tegral.   That is, ;j(r) is the electric dipole moment, where 

Hn /i(r) »MfK)*^) (21) 

The moment is clearly dependent upon r, since p.— and the *(K) generally vary, as the nuclei 

vibrate.   The matrix elements are now written as 

<v'J'M'|;. .|vJM> - 
17 r2- 

drr2R*,J,(r);J(r)RvJ(r)r  J     d-'sin ^ d((.(sln <) cos ^YJ^'K <t>)\f(i\ <t>) 

V'.I'M'I/J   |vJM> =  (    drr2R*,T,(r)/u(r)R .(r)!    \     d'» sin «'d0(sin () sin ^Y^O^, (())Y^('>, 0) 
v Jn VJ VJJo-'o J J 

Ti r2~ 

• 7i   (*2,~ 

<v,J'M'!(i   lvJM> = i     drr R*,T,(r);i(r)R .(r) d-» sin ')d0(cos '')Y*,   ('), «jYH", <*) z .'o v •'o-'o 

or (22) 

<V'J'M'|;J (vJM> - <v,J,|/Ji(r)|vJ><J'M,( sin'' cos 0|JM> 

<V'J'M'IM IVJM> = <v'J'|/i(r)|vJ><J'M'( sin B sin 0 |JM> 

<v,.T,M'|;i   lvJM> = <v'J'lM(r)lvJ><J'M'| cos ^|JM> (23) 

The angular integrals are found by standard techniques.   (See Appendix I.)  The results are; 

i l^-vj'ivr i/i . IVJM^ i    + i^vjivr I/J   IVJIVI^ ' ' 

MM' 

I<V'J'M'I;JZIVJM> |2j (24) 

|<v',I'|/T(r, '', 0)|vJ>|2 =      Y^     ([<v'J'M'|/ixivJM>|2 + ^V'J'M'I/J   |vJM> 

11 
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2 r00 9 
Hv'J'Mr, i), 0)fvJ> r = (J + 1)      R(r)/i(r)R(r)r dr    R Branch 

Jo 

}  1 
Jo 

(J)      R(r)/i(r)R(r)r dr P Branch 
'0 

(25) 

or, rewriting the integral in the matrix element notation 

|<v'J'|/I(r, 0, 0)(vj>|2 - |<v,J'lM(r)lv,J>   2 
(J+l R Branch 

P Branch 
(26) 

THE MATRIX-ELEMENT PROGRAM 

Presently in use is a program to generate numerically the <v'J'(/-t(r)|vJ> matrix elements 

which appear in Eq. (26) of the preceding section.  A listing of that program is given in Appendix 

II. In order to calculate these matrix elements, three separate calculations must be performed. 

First, the radial Schrodinger Eq. (12) must be solved in order to obtain the radial wave func- 

tions for the initial and final states.  Next, the dipole-moment function /i(r) must be generated. 

Finally, the integral appearing in Eq. (25) must be numerically calculated.  The calling program 

to handle these calculations Is SSM. 

Before the Schrodinger equation can be solved, some potential function must be assumed. 

The SSM program provides for three types of potential functions: the Morse; Dunham; and 

Rydberg, Klein, Rees [7, 8, 9) (RKR) potentials.  The Morse potential, ß, can be generated from 

the low-order spectroscoplc constants of the molecule and has the form 

V(r) = 
e e 

Al e'W)2 

with 

ß = 
fVe 

1/2 

and 

r - r. 
« =• 

where £ is the dlmensionless molecular coordinate and w   and a< x   are spectroscoplc constants. 

The Dunham potential has the form of a power-series expansion: 

12 
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where the a. are constants related to the spectroscopic constants.   The RKR potential is also 

found from the energy levels of the molecule.  However, the procedure is quite complicated. 

In the program, this potential can be entered as a number of energy values tabulated at various 

nuclear separations, r.   The program uses a third-degree polynomial interpolation to calculate 

the potential at the points necessary to obtain the differential equation solution.   In spectroscopy, 

energy is usually expressed in wave-number units; thus, SSM has been written to accept the de- 

fining parameters in those units.  However, the Schrodinger equation-solution subroutine 

(SCHR) requires that the energy be expressed in dimensionless units, therefore, a subroutine 

MORSE is provided to obtain the proper, dimensionless Morse parameters.   The Dunham con- 

stants must be entered directly in the dimensionless units.   The conversion to the dimension- 

less quantities for the RKR potential is handled internally by SSM. 

The solution of the radial Schrodinger equation is accomplished by the SCHR subroutine. 

The SCHR subroutine is patterned very closely after a Fortran II program, by Zare and Cashion 

[10. 111 who base their work on a paper by Cooley [12).   When given an initial energy estimate, 

the subroutine uses a three-point central difference predictor-correlator formula to generate two 

partial wave functions.   One of these satisifies the boundary condition at small r, and the other 

satisfies the boundary condition for large r.  The continuity of derivative of the two partial wave 

functions is then used to generate a new energy estimate.   The iteration continues until a toler- 

ance on the energy change is reached. 

Our only significant modification to Zare and Cashion's program was the use of double pre- 

cision arithmetic in the finite difference equations, the energy values, and the sum accumula- 

tions.   The general accuracy of the program has been discussed elsewhere [11), but of particular 

interest here is the orthogonality of the calculated wave functions.   Because the radial 

Schrodinger equation is of Strum-Liouville Form for the exact wave functions, the orthogonality 

relation holds. 

/: 
R.(r)R.(r)r2dr = 0    i*j 

where R. and R. are arbitrary radial molecular wave functions.   Values of similar integrals 
1 J -8 

evaluated by SSM for the numerically generated wave functions were generally about 10     and 
-fi 

were less than 10     in all cases. 

The initial energy estimate which SCHR requires is calculated by another subroutine, 

MANENG, which evaluates a term expansion to obtain the approximate energy for the desired 

state of the molecule. 
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E(v,J)=£\fj(v+^ [J(J + l)|
j 

The Y,. are related to the spectroscopic constants of the specific molecule under investigation. 

The dipole moment is approximated as a polynomial of the form 

m =£ 
The M. are related to the rotationless matrix elements, which are experimentally measured. 

The value of /j(r) is found at the same radial increments at which the wave functions were found 

by the SCHR subroutine; then it is multiplied, point by point, by the wave functions of the upper 
and lower states, to give the integrand of JR ,j,/iR -r dr at those points. 

The composite trapezoidal rule is used to perform the numerical integration. Higher order 

integration schemes are unnecessary, since wave functions have already been generated at a 

large number of points in the numeric differential equation solution process.  The position of 

the lines and the Einstein transition probability, A ,T, „ are calculated and printed out after v J vj 
the matrix element <v'J,(/i(r)|v.I> has been calculated. 

14 
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Appendix I 
EVALUATION OF THE ANGULAR DEPENDENT MATRIX ELEMENTS 

It is a postulate of the quantum theory [13| that the probability of electric dipole radiation 

from an upper state J'M' to a lower state JM is 

fM-V o 
ArMyM = ^-J-I<J'M'IM(", 0)|JM> I (27) 

one 

The spontaneously emitted intensity of such radiation is 

^MVIM = NJ'M,llfA.rMVM (28) 

On the other hand, the intensity of a line is the sum of the intensities of all possible transitions 

between the degenerate states M' and M 

64-4f4 -^ 
iiV^^ff NJ'MEZ;

|<J,M,|?7(
"' 

0),JMH (29) 
3c
 W^K 

In Eq. (29), the sum over the final (unprimed) states may be taken first, leaving g-, terms in the 

sum over the initial (primed) states.   Equation (29) is usually written as 

4 4 /  N     \ 

IT
1
,.! " ^T" 2^4-1] 2Z '^'M''^"' 4,)|JM> |2 (30) 

where it is assumed that natural emission is taking place, making all the NT,M, equal. 

The expression for the emitted intensity of radiation from a level J' to a level .1 is 

liV^j^JV (31) 

where A , T is the Einstein spontaneous transition probability.   From Eqs. (30) and (31) 
ii ,j 

M'M 

The sum in Eq. (32) must be unchanged by interchange of the initial and final states, where- 

as A ,    is not changed because of the factor 1/(2J' + 1),   The sum is therefore an invariant 

property of the pair of levels J' and J for both emission and absorption, whereas AT, .is not. 
j ,•) 

One must distinguish between the matrix elements, which are between l< J'M'I and I JM>I, and 

their sum, S(J', J). 

15 
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S(J', J) = 2] HJ'M'IJT^, 0)|JM> ]' 
M'M 

(33) 

S^', J') is called the strength factor of the line and should not be confused with the line strength 

S. ..  Its relation to the individual transitions is best seen in Eq. (29).  In (29), if the sum over 

VM ' is carried out first, then 

S^', J) = ^J' + DT^hJ'M'lM^, 0)|JM> I1 

M 
(34) 

The integrals in (34) are written explicitly in Eq. (22).  It can be shown that the integration 

over $ contributes the factor 1/2 to ß   and ß   and 1 to /i .  Also, it may be shown that M is 

restricted to the values M = M' ± 1 for ß   and ß , and to M = M' for ß .  S(J', J) is given by x y z 

j(<J,M'| sin ölJM'- 1>|2 + hJ'M'l sin ö|JM' + 1> |2) S(J', J) = (2J' + 1) 

+ \<3'U,l cos WJM'>|
2 (35) 

The integrals in (35) may be evaluated using the recurrence relations for associated Legendre 

functions: 

.M' (2J + 1) cos ÖPJ!' = (J' - M' + 1)P™'+1 + (J' + M'JPJV ! 

(2J' + 1) sin flpjf = (j' + M'KJ' + M' - VPyl'i  - (J' " M' + W - M' + 2)p^l"i1     (36) 

(2j' + l)sln^.pj^_pM^ 

Values of J are clearly limited to J' ± 1.  The results are: 

l<J.M.|sl„.|J.M.-1>|V"'-|ff:JiS,-t"S)-" 

I^T.M.I d« all   »5. ^ is |2     (J* - M' - 1)(J' - M') |<JM'|sinö|J, M  +1>|   =     (2jt + l)(2jt . i) 

|.T,M,i.„ fl|T  .-,,.,. |2    (J' + M' + 2)^' + M' + 1) 
I<J'M i sin 9|J, M +1> i = i—(j' + figr; 3)— 

I^T-vr-l ^c, öIT   M-sl2     (J' - M')(J' + M') l<J'M'(cos Ö(J, M>(   - (2j» . l)(2.t' + i) 

I^T.VT'I  n^o   Oil    M'sl2       (J'  -  M' + 1)^'   + M'  + 1) |<J'M (cosfllJ, M>|    = ^ - ^j, ; 3) 

J = J' - 

J = J' + 

J = J' - 

J = J' + 

J = J' - 

J= J' + 

(37) 
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For R branch transitions (,1 - ,)' - 1), S(,r, J) is the sum of the first, third, and fifth terms in 

(37). 

SGI', J) -- (2J' + l)Ujf+ f) - J + 1    R branch 

for the P branch (J ^ ,1' + 1) 

S(J', .1) - (2.1' + D^r—r) " J    P brancl1 

This is the result stated in Eq. (25). 

The details of the evaluation of the matrix elements have no direct bearing on our computer 

program or its results.   The angular dependent parts are clearly separated in advance, and the 

selection rules J - ±1 are built in.  If quadrupole, Stark, or electric field-induced absorption or 

emission is to be investigated, however, the transformation properties of the particular tensor 

operator must be understood so the proper selection rules and streng5    factors may be used. 

17 
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Appendix II 
LISTING OF THE SSM CODE 

PRECEDING PAGE BLANK 
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NOT REPRODUCIBLE 

r 
1 C ■ 'MflN   P(2005),Sl(2005),Si(20C5) ,U(2005I ,R^4X,RMINfN, 
2 IK ,fiJES,E7ER0f EPSiMAXIT 
3 RE4L*8   SIJM.P 
4 REAL   M 

5 DATA   K,ICK/1Ü,0/ 
b DATA   PPP/'PRNTV 
7 -( AL   "U^U'iA, VUCON, LAMBDA, MO, ^ItM^.MS.M't.MStMöt^r.fP.M?, MIO |M 11 
« UTA   MC,MI,M2,M3,NA,Ni,M6,M7,M8,Mq,MlC,Mll/12»0./ 
9 Or'.'FNili;«!   «/( 2001 ,1-5(^00 ,M(2CC5) .VEfiil ,JAV(2) 

11 2,MJ (2ue5),SCT(101,TYPESf") 
U 3,"f'A\'(^) ,CIJMM(5I ,FMÜR(2) 
l't 4,4(^1 ,P'llA^E( 3) 
i^ ^ATA   XE.BE,RE,MUSU8A/^139.04,20.-J56,.9168E-8,.957347/ 
1^ DATA   wFXE/^O.OS/ 
17 C        PKR   POTr^TIAL   PARAMETERS 
M JATA   rt/lu9<i'?4. ,48294.,^720?.,46031.,'»<iS43., 
I'1 I4<?«5'-.. ,40973. ,38921. , 36705. ,343 ? *>. ,3 1" 75 . ,29 1 U . , 
tr 22-5 J6r., 2 3 35 I., 2 0193., 1687«., 13419. ,9798. ,6008., 
n 3?Ü4 7. ,C. ,2 04 7.,60üi).,9798.,13419. ,168 78., 2019 3., 
22 423361.,26350.,29191,,11875.,34355.,36705.,38921., 
T-* '3409 73., 4 2S5 0., 4 45 4 3., 460 31., 4 7292., 4B294., 49296. / 
:"''< DATA   (-S/.5,.^23 ,.625,.628,.631 ,.635,.639,.644, 
i"^ 1.^50, .6 5^, .,')62, .6 7C,.6 7:),.686,. 7Jl,.7l6,. 733, 
?'■ .. ^5,. /Mt ..a 30,,';? 1,1.ot'3,1.115, 1.18 7, 1.2 53, 
2 7 ^1.317,1.379,1.441,1.503,1.567,1.633,1.701,1.772,1.fl47 
2fl 4, l.922,2.039,2.108,2.223,2.346,2.555,2.764/ 
2C JATA   N'n/41/ 
^U INTECEI.    iM)J 
51 .-ATA   ^l.iJ/O/ 
2? UTA   "NAMc/'MOKS' .«UUNH» ^PKH'/ 
JJ DATA   bET/10*-n./ 
36 TATA   KMV'Nn      '/ 
37 TATA   TVPES/'Sl      S2      C        Ml      CALCPOT   PTSlPTS2MnuT'/ 
?.« i.ATA   R, Itkl',, IS,OUIT/0,0,-10, «UUNE«/ 
S9 l»iTi:üF»'   V,WHICHS,VFE 
40 CALL   FCVTHHC5.0) 
41 •■IAKIT=in 
42 /RITE(2,^) 
41 *. ^}t--4ATl • 1DU   VUU  NEED   THE   EXPLANATION   ?   », 
44 i    <    (MJTFK   YES   OR   NO' ) 
46 CALL    btTPFM «V' ,11 
*6 "cA.Tt 1, 251ANSrtEP 
47 CALL   SETPFX( •   • ,1 ) 
4^ I MAMSKFt- .F ..XNOI   Gt'   TO   15 
4" WHITE(2,10) 
S'" lJ       FORMATC ISS"  CALCULATES   THE   INTEGRAL  OF   THE   •, 
51 I'PRDOUrr   &1( l|tS2( n*MI D    ,    1*1,NV   AND   STEPS   «, 
52 2'.r   M(0MAX-(JMINI/N   .     THREE   POTENTIAL   FUNCTUNiV 
53 3«   A^E   AVAILAi'LF   FOP   GENERATING   SI   AND  S2   .V 
54 4»;lNuICATC   THE   DESIRED OPERATIfN  SV   ENTERING   THE   • 
55 ^«APPhtr PIATC'/»   OPERATION  TYPE W4EN  REQUESTED.•, 
56 6«      THE   ALLUWti)   TYPES  ARE   : •/•0"PRNT••• , T10, 
57 (-«PRINT   EVEPY   K»«TK  POINT V,T10, •   OF   THE   FOLLOWING  POTINTULS. • / , 
58 'JMC«   IT   K.LT.O     TURN  PRINT   CFF.V,«   "SI     "STIO, 
59 7«GENERATE   WAVE   FUNCTION   SI«/'   "S2     "STIO, 
60 u«-.nNEfiATE   WAVE   FUNCTION  SZ»/'   "M       "STIC, 
61 "^«CALCULATE   M   USING   M0,M1 ,WtKS«/•   "Ml      "».TIO, 
62 I'SET   ALL   M(I)   »   1.0'/»   "CALC"'?TIO,•PERFORM   », 
63 2,THt   INTEGRATION«/«    "POT   »«,T10,•GENEPATE   «, 
f-4 S'THE   POTENTIAL   FUNCTION«/«   "PTS 1»«, T10,4HLI ST, 
65 4«   SI      (   EVEPY   K"TH   )     «/•   "PTS2"«,T10,2X,IM", 
66 K2X,«S2  ( POINT PRINTED )•/• "MOUT"«,T12tIH", 
67 62X,'M   « DEFAULT  K«10)«» 
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68 WRITE(2,lll 
69 11        FOPMATC   "D0NE",,T10i«RETUR»l   TO  MTS'I 
70 IC=C 
Tl IER«=0 
72 15        W«ITE(2,20» 
73 20       FORMATCOEMTER   TYPE   PLEASE» I 
74 ISTEP=0 
7'; CALL   SETPFXC?«,!) 
76 23 RE4r)(l,25,FRR = 3nTVPE,IPP 
77 25        FOP^AKAA.IS'/ 
78 CALL   SfcTPFXC    «.ll 
79 DO   30   ITYPF^li" 
80 IFITVPE.Eü.TVPFSdTYPE))   GO   TD   40 
Bl 30        CONTINUE 
83 lF(TYPE.EO.aum   CALL   SYSTEM 
84 IF(TYPF.NE.PPP»   GO   TO   31 
<5 IF(IPP.GT.O)   K=IPP 

.16 ICK=5 
67 IFirPP.LE.O)    1CK=0 
R8 IPP=0 
89 GO   TO   15 
90 31 IF(IERR.EQ.n)   HRITE(2t35l 
"l 35        FORMAT(«OTHAT»«S   CLOSE,   BUT   THIS   ISN'^T   HORSESHOES»» 
92 IERR=IEPP*1 
93 IF(IEPP.LT.3»   GC   TO   15 
94 WRITEt2,37) 
"5 37        FORMAT!»ICOLOR   Mb   GOME'/lHl) 
"6 CALL   SYSTFM 
97 40         IFRP=n 

0e 50        CO   TüllOü,100,300,400,500,600,700,300,900), ITYPE 
99 100      IF|SET(6|.LE.O.!   GO   TO   600 

ICO 110      IHIC.tQ.OI   WHICHS=1TYP£ 
101 IFiIC.GT.O)WHICHS=IC 
102 IF( IPP.LE.O)   GO   TO   115 
IC3 V=VEF(WHICHSI 
104 J=IPP 
105 lPP=n 
106 GO rn 136 
10^ lib     IFIIS.GT.CI   GO  TO   130 
ICH IS=10 
1C9 WHITE(2,120IWHICHS 
110 1^1     FORMAT!»OENTER   V,J,LAMBDA   AND   MAXITINO   OF   ITER)   FOR   ! 
HI III,»    (NAMELIST = £INS)») 
112 GU   TO   135 
113 HO     WRITEI2,133) 
114 131     FORMATPOENTER   S   PAR»»S,I 
115 1i?     CALL   SETPFXI»?' ,1) 
116 NAMCLIST/INS/V,J,nOJ,LAHBDA,MAXIT,COMM 
117 PEADU.INSiERRslBS) 
118 CALL   SETPFXI»   ',11 
119 136     VEEIWHICHS»«V 
120 JAYIWHICHS»=J 
121 137       CONTINUE 
122 V«VEE(MHICHSI 
123 J=JAV|WHICHSI 
124 PCON=FLaATU*(J*in   r   LAMBDA 
125 R=RMIN 
126 C 
127 C        PnrENTIAL   GENERATION 
128 00   150   1=1,N 
129 GO   TO   I 141,142,143),IPOT 
130 C        MORSE 
131 141     RFACT*1.0-EXPI-DBETA«W-DR6h 
132 um = UÜE«IRFACT«RFACT-l.O» 
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13> mnCW   .Ml,   0.»   U(I )=U( I )+RCLN/(«*K) 
l?*. G.)   Ki    14<i 

13^ ^      '"NH4M                                                                N0T REPRODUCIBLE 
13^ ur    ^r- = (p-or,:)/DRE 
137 ,H I ) = riWt-*l<F*WF 
13H 5tJMIJU=P. 
ll'-i JtJ    l'»^   11=1,4 
l^L I'-'.         j1ivi|)l|=SiJ,-'UU*l)( n*A( I I )*RF**I I 
Ki u(i )=iiti i + SK^uu-nne 
H? IF(».CII»   .♦■■r. n.i  u( I )=u( i )*RcrM/( i';*p( 
U3 ','"   Tf   I.'- 
1 <. * C            •■ K a 
l<.b t*-,      CMl   LAr,TRO('?S.W,NW.R,IJLA(., 3,Kl<»5,f, l^tH) 
14b mi i=i;L4&*Mtic»!^-itne 
1>7 !f ('Vi'f .f.;f . 01      Ud) =U(n+RCnN/(R*RI 
l^S 14S       K=1*H 
l^'i IJO    Li-iTi'iur 
I'. i.        " .MI,    rMTIAL   L"JF.RGY   rSTI^ATh 
151 CALL   '"AHEUniV.J ,cMr.) 
I?.? i; ^r.=i -^«fc'uci.N 
1K3 f/FHf = t jr,-n )»- 

1 •>'■ '. "S=.1i;S( i-P",(;nM* r-/'"^n) 
is-., L'AW.H ICHS ) = L? tRiiz-ucir.1 

1^7 ri'5CM=ti,S/",UCOM 
15.M -- J:|n^:s=■1 

l^" If ( IC^.L t.') I   GH   TM   2'»fJ 
loO CALL    SCTPHXI •    ' ,1) 
161 ii.KIT{;(^.?5CJHUf JJ ,J»1,N,K| 
If? ■'•).)     FOi^ATdUO ,nu ,'P-TFJT IAL   FUMCfl'lN'/ 
16 i H 1H   , IP^F 14.h| I 
lt.4 C        CALL   SCH«   Til  'JBTAIN   t I GtNIFUNC T ION 
löh /-.J     Cf::-\/"l.= l .C"»SCH0 (WHICHS) 
1(.6 f-'^RI^HlCHSI't/ERfJ/MUCnN 
lo7 IKumRG.NT.O. I   WR ITE{^,29nFP!>CM 

if-- r      CHFCK FfF CLJNVEP;.FMCE 

If' > r""<l         F'lRMATl'   SPtölFIFH   FRM;7   F PS= •. I ^F 1 4. 7 , •   NOT   OBTA IN(-L) .• I 
170 IFUNfCES.f.T.V)   HRITF(2,HQ2JKNnat Si V 
I7i r,      LI'LCK rno CLBRECT NUMBER at- NODES 

17^ 'V        FCRMATC   StlfN   HAS   M?,'   NODES   I'UT   V   ISSU»'    l.t.«, 
173 1'    (KRUNG   HGENFLJNCTIGN' ) 
17<. SFT(WHI(:HS» = 10. 
1 ?5 IK ITYPt.EQ.^I    GO   TO   53G 
i7h fFionj.ro.o) nn TP ns 
177 WHICHS=2 
17^ ITVPt=2 
IT" r,a TO 137 
IfK. Ill        IFdC)   SU', 15,530 
181 30J      WR1TE(?,305) 
IP? 3"5     FORMAT! 'OClTER   1*0,Ml,HZ,   AND   M3   AS   FOLLOWS   :•   / 
IP< i» urn MO=    ,MI=      ...    eeND1    i 
l«4 NAMELIST/INM/M0,Ml,r2,M3tM4,M5,M6,M7,^a,MqfMlO.Mll 
185 CALL   SETPFX( •7',1) 
1«6 REAOd.lNM) 
le7 C        CALCULATE   MürtENT   VALUES 
18« CALL   SETPFX(«   * ,11 
IH9 WRITE(2.3C6»M0,Hl,M2,M3 
lo0 306        F()K«1AT{ »OMOMENT   TERMS  ARE : •/• TIO, 4F 15. 6/) 
191 R=(RMIN-DK£»/DRE 
!<!? HC=H/OPF 
l«? on   3SC   1=1,N 
I'JA Md) = MC + <Ml*(f>2 + mMM4MM5*JM6'f(M7*<M8HM9*(M10*Mn*RJ»RJ*R) 
195 l*R)*R)»R|*R)*R»#R)*R»*R 
196 R=R*HC 
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197 350     CUNTINUE 
198 KK=ITYPE 
i9q iMic.NE.o) KKMC                                NOT REPRODUCIBLE 
2C0 StT(KK.)*lO. 
201 1P(ICI53u,15,5^n 
202 ^ 10      Sf T( I TYPF-U =10. 
203 mi   '.SP   I =1,N 
20'« 4ri0      M(I)=l.O 
205 '.u rn 15 
2Cft r)j;         :   5' S   U.= 1. ^ 
2C7 Ir( S'T ( !C 1.LT.0 .)    G'J   TH   5 10 
2C5 H15     r0^TlMli: 
^n^ IC = ') 
?V '.;■:: Tn -VK 

2U ^lO    «^lTi"(;,su)   TYPt-s(ir) 
212 SU      FTRWun'urit ASt   SLT    •,A41 
213 ac rr.ntu,ir'>,3001tic 
214 C.   r.iTl-r.KATt P.^OUCT Sl*S2*f-' 

216 DO 'Hr' I =1 ,N 
217 KLnG=.,,Lr-f.(A2S«51( I) ) I ♦ALTGI 4BS( S? (I I ) ) ♦ALI)Ö( ABSt M( I 1 I 1 

2U' IKXLiw.LT.-lTO.) Gü TO 535 
2 20 r>l I I = S1 ( I l»S2( I )*M( 1) 
221 MJM=SIJN'+P( I I 
?^- SUlD^Sn* 
223 535      COMTl^Ul 
224 r.        Pr.JhRVlfu   HUl   P'.'SITIl^' 
22 5 pynn-A..s( f'nsu l-FfrjH(?n 
226 P-IAN^A vS (lrfMf,im-EMAM(2) ) 
227 ARt:A=( SilM-. 5* ( P ( 1 l*P( M I ) *H 
22° ASÜ=H-LA**2 

2 2 7 4A = ä. 1 36 5E2ri*Aiw*P^AN**3 
230 NSU'^IPr" 
231 IPP= I AL.S( IPP) 
2 32 IE(NbU( .CF.l )rtt- ITE(2,5 5o ) (P( I) ,1=1, N, IPP) 
253 536      MK"AT( '   P-   '!.!   T, 1* S?*M' / ( 1H    ,IP6F11.'.)| 
?'V. IF(fJMJ(- .1 ..-1 l^t'ITfc(4,537)( Sl)( I), 1= l.N.IPP) 
23'i 537      FurS'TI ' 1 JMilI VtnUAL   AREA   SUMKATICN   STFPS'/dH   ,1P6F11.3II 
t2t, C          tK ITF   uUTPUT 
2J

7 IH IS? H'.Gr .1 I    '.f:  TP   545 
Pi'' "                 wfl Tf (?,54^)r,l',-'M 
23- A'^ITt (2, 54f (PNAMfcC I PPT) 
24'' -SI TK? ,542)C'.:"M 
241 Uk ITM  ',,541 I 
242 ^-.u        FUEMATI'u   VI   V2   Jl   J2     <S 1   P   S2>           <S1   M   S2>*»<!     NU( • ,A4, 
24 i I«)      Mil TF*"') ./,<    •) 
244 5',1 FfjFuAT(<0   VI   V2   Jl   J2        <S1   M   S2> A«, 
245 1" i\Ht   PnSITIÜN'/,10)f,«ESU                          SFC-l                   CM-l • ) 
246 542 FORMATI•1      •,5A4I 
24 7 5 4 5         WRITF(2,54 3)VEEIll,VtE(2l,JAY(n,JAVJ2).AREA,ASgtPMDR,PMAN 
24 5 WRITF(3,544)VbF(l),VEFt2),JAY(l),JAY(2),AREA,AA.PMAN 
249 h'.'i        FORMAK«    ' , 4 I 3, IP 2fc 1 3. 5, CP2F 10.2 ) 
250 •■,4'.        FURMATJ«   ' ,4 13 , 1P2E13.5,Ü PF1 3.2 I 
251 ir(JAY( l).ru.C:.UR.JAV(2(.E0.0)   GJ   TCJ  2015 
252 IF(Onj.tQ.C)    GO   Tfl   2015 
253 JAY(1)=JAY(1I-1 
254 JAY12)=JAY(2)-l 
255 r;rj=npj-i 
25», I STEP = 1 STEP+l 
2,-7 IF( ISTFP.GT.4C)   ISTEP = C 
25B hHICH5=l 
259 ITYPE=I 
?tü GO  Til   137 
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261 2015     ni'J = 0 
262 G(J   TP   15 
263 C       SF.T   UP  Pi'TENTtAL   FUNCTION   PARAMETfcMS 
26<» uOO     HPITE(2»hlOJ 
265 610     FufHATI'ca   PUTENTIAL   TYPES  ARE   ALLOWED   :•/ 
266 1'    MURSEU I ,OUNHAM(2)   AND   FALLON   RKRC3)' 
267 ZI*   ENTER     A   l,2i   OP   3   FDP   THE   TYPE   DESIREÜ'I 
26fl SFT(6)=1C. 
264 CALL   SFTPFXI •?' ,1 I 
27Ü PEAD(l,hl5) IPOT 
271 H\h      FO-MAUIIC 1 
27? C»LL   bf TPFX( •    ' fl) 
273 CU   Tt   (6r0ift30,640l«IPPT 
27^ 620      WRITE(?,62?I 
275 622     FQRMATf'CmR   MDKSE   PCTFNTIAL   ENTER   •, 
276 1    «f-ITHFP   DL   0«   WEXfc,«/'   AND   WE,HE   AHJ   ' 
277 ." MUSUBA   IN   l/C^»/'   THE   NA^FL1ST   TO   USE   IS   "MURS"') 
27P VAWEL! ^T/WORS/JL , WL XE ,V.E ,RE ,8E , "USUhA/ 
2 79 1 INPUT/N^.^.RS.MUSUhA/" IN/RMAX,PMIN,N,EPSC'JN 
2er Dt=O.C 
?P1 WEXFsU.'1 

2ft- LiLL   SFTCFXC?! ,1)                                                              ., 

283 RFAü(I,MPRS)                                                  NO'   REPRODUCIBLE 
2PA CALL   SLTnext«    ',1» 
2F5 CALL   MPKSFI OF, WF,htXF ,R£,P,E,HET A.MiJSUBAI 
286 cn  Tn t50 
287 63 j     WRITE (.2,632) 
28R 632        FURMATCO   DUNHAM   POTENTIAL   WILL   ^F   USED.'I 
2P«? WF = <U «.04 
290 üE=2u.f.56 
?01 WE XE = -)>... 05 
i'M fcF=.9i6flt-8 
2<;3 i)F = WL*WF/('t.*WFXE) 
294 GO   TO   6 50 
295 *40     WRITEU,642J 
20o 64t'        FüRMATCf      -KK   HF   POTENTIAL   WILL   f)f.   USFO«) 
?'i7 IFISFTI V I.G1 .0. 1   TO   TO   6*0 
298 rvrT=.5;^i7? 
2oo a.i f.'t5  i =i ,riw 
300 !■■;,( Il=i Stn/CVRT 
3C1 645      Cl'NTINUF 
3C2 DE=4715y. 
3C3 PE=.9niE-8 
304 SFTI7)=lü. 
305 650     DKF»PE/.520172E-a 
306 MUCaN=MUSueA/60.2198 
307 UOE=r)t*MUCON 
30^ DWE=WF*MUCON 
309 DbETAsBETA'fMUCON 
310 HWE=(WE*W£*MUC0N)/(4.*REI 
311 WRITE(2,652)0E,WEXE,PEfBfcTA 
312 652     EDRMATPODE   ,   WtXE   »   RE   AND   BETA   IN   l/CM   ARE:«/ 
313 1   1H   ,1P4E15.6» 
314 WRITE(2,655»   ORE 
315 C        SET   UP   RANGE   AND   INCREMENT   FOR   INTEGRATION 
316 655     FOPMATI'ORE   «   «tFlO.?,»   ,   ENTER   RMAX.RHINiEPSCON  AND» 
317 1«   N  USING NAMELIST   "PIN"«) 
318 CALL   SETPFXC?« ,1) 
319 READIIfRIN) 
320 CALL   SETPFXI»   • ,1) 
321 H=(RMAX-RMIN)/FLDATIN) 
322 IFIITVPE-6)50,15.50 
323 70C   CONTINUE 
324 CALL SFTPFXI • • ,1) 

24 
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NOT REPRODUCIBLE 

325 WRITE(2t750)    TYPES«1),(S I (1)11=1,N,K ) 
326 750     FORMAK lH0,20X,A4/tlP*E16.7M 
327 GO   TD   15 
32« 800        CQNTlNUr 
329 CALL    SFTPFX( •    • ,1» 
3 3C WRITE(2,750ITVPES(2lf (S2(ntI»UNfK) 
331 GO TO 15 
332 QUO   CONTINUE 
333 CALL SETPFX(« • ,1) 
33^. WRITH?,750ITyPES(3»f (M(n,I»lfN,KI 
335 GO   TP   15 
336 END 
337 C SCHRCIDINGEP   FOUATION   SOLUTION   PROGRAM 
338 FUNCriClN   SCHP(WHICHSI 
339 REAL*R   Y,P,H,H2,HVtPM,DF,F,D0LDiDE,Y0UTfVIN,YM,E,E0LD 
3A0 1,GN,(,I 
3^1 nATA PKNT/5./ 
3^? CUMMUM   P.Sl ,S2iUiRMAX ,RMIN,N,KNnr)ESfEZEROtEPSfMAXIT 
3AJ DHENblfif    P(2O05),Sl(2005),S2«2OO5) ,U«2005»,Y(3) 
3A4 INTEüER   WHATiWHICHS 
3^5 PRNT=-10. 
3'.6 IF(MAXIT.GT.n)   GO   TU   5 
347 MAXIT=-MAXIT 
SA« frtNT=ie. 
340 f 
350 5 N1=M-1 
351 H=(BMAX-PMIN)/FLOAT(N) 
352 H2=   H   *H 
353 HV=H2/12. 
354 E = FZFiV(. 
355 TFST=-1. 
356 Ufc=0. 
357 jn   171    IT=1,MAXIT 
35" P(M=1.0r—30 
359 GIM = U(N)-E 
360 (.I = UINl)-b 
361 IF(0 I.GE.O.O) GO TO 10 
if-? SCHR = -1(,'.0 
363 RE THRU 
364 f   START INWARD INTEGRATION 
36^ If,          PtND^niNI^OEXPIRMAX+JSOt'TIC^I-IRMAX-HI^DSORTIGn ) 
itf,           ' Y( 11 = 1 l.-HV*GNI*P(N) 
367 Y(2)=( l.-HV*Gn«PINll 
36P M=N-2 
369 ^.b        Y(3)=¥(.') + | (Y(21-Y(l).l*H2«GI«PtM*ll I 
37C GI=UtM|-F 
371 1)1 V=1.-HV*GI 
372 IF(ArtS(OIV).GT.   1,OE-30)   GC   TO 65 
3 73 '«U = M + 1 

374 PM=PtMn 
375 DU   5ö   JsMl.N 
376 5?,        P(J)=P(JI/PM 
377 Di)   60   1=1,3 
378 6Ü        Y(I) = Y(n/PM 
379 GI=U(Mll-t 
3eO GO   TU   46 
3B1 65        P(M|=YI3)/ÜIV 
382 mr)ARS(P(*n.LE.DABS(P(M«am   GÜ TO 90 
3P3 IF(M.LE.2)   GO   TO   90 
364 Y(1|=Y(2) 
3P5 Y(2)=Y«3I 
386 M=M-1 
387 Gü   TD   46 
388 OO PM=P(M| 
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389 *JAvf=M                           NOT REPRODUCI Bl 
390 
391 00   96   J=M,N 
392 96 P(J)=P(JJ/PM 
393 tMl» = 1.0E-20 
394 c      : iTmr  (IIJTWAKO   rNTEGRATlnN 
395 V (1 ) =0 . 
396 r,l*Ul U-f. 
3"? y(2J=a.-Hv*oi i*ptn 
3 9f; 00   132   I=2,M 
391 ii i 

/( 3) = Y(2)*(iy(2)-V( l))*H2*C,I«P( r-n 1 
M,n r,t=ii( ri-E 
A01 DIV=1.-HV*GI 
402 IF(AHS(f)IVl.r.T.   1.0E-30)   GO   TO   1J0 
403 11=1-1 
404 '"■i=p(ri i 
4C5 0(J   120   J=l,Il 
40fr li'j ^tJ)=P(J)/PM 
40 7 JO   125   J=l,3 
4CR 125 y(ji»y(j>/pM 
409 (.i=U( 11 )-E 
410 ,i) rn no 
411 130 " {n = v m / o i v 
412 Y(1)=V(2I 
413 Y(2I=Y(3I 
414 132 CONTINUE 
*lb PM=P(M» 
416 F=1.5E.3<1 
417 IF(p*i.E0,C")  on TO i4n 
41R vouT=y( n/f;) 
419 Y'isYiij/mi 
420 an 140 J=I.M 
421 141 P(J)=P(J)/PM 
42c DF = 0. 
423 OU   146   J=1,N 
424 C       £ itNF.iAlK   FNEPGY   CORRECTION 
425 14<' OF=lJh-fMJ|«P{J) 
42h F=(-YriUT-VIN+2.*Y^)/H2*U(MI-E 
42 7 J(JLJ = Dt 
428 14H IF(r   .LT.    1.CC30J   GO   TO  150 
429 140 F»1.0E30-l. 
430 IJF=-F 
431 DE=   UA1JS( .0001«F» 
432 GO  TO   152 
433 160 DE=-F/DF 
434 152 ElJtO=E 
435 c=E*nt 
436 TtMPl=DAÜS(DOLDJ-  UABSCDE» 
437 IFJTEMP1.GT.TEST)   TEST»TEMP1 
438 IF(TEST.LT.0.)G0  TO   171 
4 39 C       CHECK   FOH   COMVPRGENCF 
440 moABSCE-EOLUi.LE.EPS)   GO TO   172 
441 171 mpPNf.CT.O.)   WRITE<2f5üO»   IT.DE ,EüLD,e, .F 
442 500 FORflATf IM   II5,1P4F15,6) 

443 SCHR»l.O 
444 GO  TO   173 
445 172 SCHR«0.0 
446 C       COUNT  NÜ0ES 
447 173 KV=0 
44 8 NL-N-2 
449 DO   192   J«3,NL 
4bu tF<P(J).LT.O.I   GÜ  TO  178 
451 IFCU-m   1801192,192 
452 178 IF(P|J-in   192,187,184 
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<tM iHiJ 

4,i't iHf 

<*$*> H4 

it^f- 
/,r. 7 i:'7 

<i'j't 

'.':'/ 1 '-*'J 

<*bt 1')? 
4tl 
4( ? 
4( J ;^n 

4« '« 2'; y 
Afi^ 

4Kj i i i 
4( 7 3 SO 
'ihb 41.0 

M-r 

'*T. 

471 

47. ;. 
47:« 

474 

4?-. 

4 7" 
477 

4 7H 

47* 

4Hk 

4M 

4?,' 

4»-5 
4h<i 
4(■.,) 

4f-(- 

4i'7 

4Pc 

4fr' 
<,c..- 

4«>1 ,' ■' ■ 

4^ >, 
4^1 7 

4'i4 • 
4n^ 
4°'.. 
417 
4C,P 

'»SQ 

SCO 

SCI 
sr? 
50 3 

3C4 

■»OS 
6r<, ?■' 
5C 7 
5Cr, 

SOS 1 . 

SU- 
SI! 
5W 
SI i 
S14 

END rr  f- Hi 

NOT REPRODUCIBLE IP(P(j + l)I 19;,iy2,iri2 
If (P(.l-,' I mo, 192,192 
IKn( J+ 1 I   .ce.O.IGO   TO   192 
IF(n(J-2) I np.iao.l"!: 
IP(f(J+l I    .Gr.u.)   GO   TO   192 
If (IM J-2).LC.0.>      CU   TC   192 
KV-KV+l 
COMTI'lUr 

r,'i TC   (2ro, 30ji   ,  WHICHS 
!li!    PS,.    J = l ,'J 

i.,'.' n. 4fo 
)')     ISO    J=l ,\ 

si;{ JI = P( j )/3fj 
r;n-n = i: 

i.'(f) 
MMA .'JTIjr    M   Gh'lLRAU-    IMTIAL   FNfcKGY 

...Ti^'ilTINF   .1ANtNr,{V,J,f- ) 
I'jirnfrf  vv,v 
■■»He ■jShjM   Y(6,h) 
JATA   V/T . ,<,! jfl.7^,-90.1. S, .932,-1.42F-2,-5.9fc-4,20.9S55,-.79Sll, 

1 1. 1 '.'r-^.-J. lli;-4,-S.8(--f.tC.,-2.1S3F-3,6.^3E-S,-2.ü6F-6, 
^■"1., '-■., !   ., 1.6t>F-7,-6.5f-9,0..0.,0. ,L. ,-1. 2SE-1 1,0. ,ü. ,0. ,0. 
3,0« ,(.'• ,'J« ,"«,i/«,0«,'«/ 
VA=FI i.AT( V) t.S 
./X=hL|)AI ( J*( J*l )) 
[="'. 
VP-1./VX 
TO     J'y.l    VV=1 ,1 

t. = r«V»«'Y (VV,1 ) 
J ►' M . 
IK J> .LT ..S)   Of)   TU   3i:(' 

j t' •=,; x * j P 

i =; 4V (VVfJ.) )«V"*JP 

; k.' i 

W'MMIV     lii   ^FVFPftTF   "URSE   DI »Tr-vS IL-'NLCSS   PARAMfTEKS 
S >)'((•    ill UJF    ini'.it(Oe ,l-;fc ,WFXE,RF,ut:,OETA,^USljaA| 
if-AL   -HSllhA^UCnN 
,"Ui:i)r,--;ii)SiJ3A/o0.2iy8 
M = l»t * 'I I CUM 
•5 = BF<- 'UCf-.N 
IF( At'.S( l)n.OT.AbS(WFXE))    GO   TC   ?.') 

1 = (»* M/(4.*WXI 
,>i ■niz-uccr 
ail   TP   30 
r) = .UiilDr*MUCUM| i 
WX=(V,*/)/(4.*U| 
rtrxt = -(x/fucrN 
ij = sg' T{ i./iii 
KF = '"I<.S2O: ?2F-ri 
Mr=S:i-'T ( .v> 
M-TA^IT/M.ILU'M 

-I T'M'I 
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