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I. INTRODUCTION 

This dissertation consists of a study of the interact:i,.ons 
of CO with Ar. The Ar-CO system is of particular interest sine~ Ar is 
often used as- a buffer gas in the CO laser. Theoretical calculations 
are essential in understanding the detailed mechanisms which produce 
the population inversion and subsequent lasing. Calculations of rate 
constants can be very useful in understanding the experimental rates, 
i,e,, what are the effects of rotational transitions, energy defects, 
and anharmonicities, Theoretical rates can also be calculated for 
temperature ranges and transitions which are difficult to obtain 
experimentally. The results of the present study represent the most 
extensive calculations ever to be performed on the Ar-CO system. 

In order to study the interactions of CO with Ar theoreti-
cally, one must first determine the distance, angle, and vibration 
dependence of the potential energy surface. Because of the large 
number of electrons in the Ar-CO system, construction of the -potential 
energy surface using conventional self consistant field (SCF) and 
configuration interaction (CI) methods is extremely time consuming 
and not feasible using present-day computers. However, the electron 
gas method developed by Gaydaenk6 and Nikulin [1] and Gordon and 
Kim [2] has been very successful in predicting the short range inter-
actions of other closed shell systems. Modifications suggested by Cohen 
and Pack [3] and Gordon and Kim [4] to give the correct long range 
behavior have resulted in potential energy surfaces which are smooth 
and reasonable everywhere, and it is believed that this model should 
work reasonably well for the Ar-CO system. Thus, we have programmed 
the method for atom-molecule {SJ and molecule-molecule [6] (Appendix C) 
interactions and used it to calculate an Ar-CO potential energy sur- --~ 
face. Secondly, in the study of the interactions of the Ar-CO system 
one must perform detailed scattering calculations. Since CO has a 
small rotational constant, many states are strongly coupled together 

1 
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by the collision, and it is not possible to include enough states in 
the usual close coupling method [7] to obtain convergence except at 
very low energies, However, the infinite order sudden approximation 
(which decouples the rotations) has been shown [8-12] (ref, 9 is 
Appendix A) to be an excellent approximation when the reduced mass of 
the system is large, at high relative kinetic energies, small total 
angular momentum and when the rotational constant of the molecule is 
small, Hence, it should be very accurate for rotational transitions 
in the Ar-CO system allowing a much smaller number of vibrationally 
coupled scattering equations to be solved numerically, 

In chapter rr we use the electron gas model to calculate 
the distance, angle, and vibration dependence of the Ar-CO potential 
energy surface, The electron gas potentials are quite reasonable in 
the repulsive region but fail to give the correct long range van der 
Waals behavior, However, modifications suggested by Cohen and Pack[3] 
and Gordon and Kim [4] to include the long range behavior are used to 
get potentials which are smooth and reasonable everywhere, To imple-
ment the modifications suggested by Cohen and Pack [3] requires one 

2 

to know the van der Waals interaction coefficients. By using available 
experimental refractive index data, one can obtain accurate values and 
error bounds for the van der Waals interaction coefficients using the 
Pade,.. approximant methods of Langhoff and Karplus [13], In addition to 
calculating the Ar~co interaction, we have used this procedure to 
calculate the van der Waals interactions of CO2 [14], CO [15] (Appendix 
E)~ and NO [16] (Appendix F) with He, Ne, Ar, Kr, Xe, H, Li, Na, K, Rb, 
Cs, H2 , N2, o2, CO2, CO,and NO, Molecules (such as NO) in IT-electronic 
states are very interesting since the interaction with an S-state atom 
breaks the degeneracy of the IT-state and two potential energy surfaces 
arise; one for which the electronic wavefunction is symmetric and one 
for which it is antisymmetric under reflection in the triatomic plane. 

rn chapter III a simple and yet transparent derivation of 
the infinite order sudden [8-12] (ref, 9 is Appendix A) approximation 
is presented, We then obtain simplified expressions for the scattering 
amplitude and differential cross section in the infinite order sudden 
[8-12] (ref, is Appendix A) approximation, These expressions should 
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be very useful in determing angle dependent potentials which reproduce 
differential cross sections obtained from molecular beam experiments. 

3 

Even though the sudden approximation is used, the numerical 
solution of the coupled differential scattering equations involved can 
be very time consuming, However, by using a combination of the two 
most popular methods (integral equations [17] and Airy function expan-
sion [18]) we were able to propagate the solution 5 times as fast as 
either method alone, '.:W'e used this combination of the two methods to 
determine the vibrational transition probabilities at several energies 
and then determined vibrational relaxation rates, Since vibrational 
relaxation mech~nisms are very important (as in theoretical modeling of 
gas lasers) in molecular energy transfer studies, numerous experimental 
techniques (such as: relaxation behind shock waves [19], acoustic 
absorbtion [20], relaxation behind wave expansion [21,22], and laser 
fluorescence [23]) have been exploited and experimental vibrational 
relaxation rates are known for many systems. These experimental values 
are compared v1ith our calculated rates. 

In chapter IV we conclude with some remarks on the validity 
of this approach, 
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II. TIIE Ar-CO INTERMOLECULAR POTENTIAL 

In the first section of this chapter we define the 
coordinate system used and briefly describe the calculation of the 
short range potential via the electron gas model. In section B this 
potential is fit to an analytic form. The van der Waals interaction 
coefficients are determined in section C, Then, in section D the 
short and long range potentials are joined to give a potential which 
is smooth and reasonable everywhere. We then make necessary adjust-
ments and compare with available experimental data in section E. 

A. Calculations 
We summarize the electron gas model only briefly here,since 

a detailed description of the model [6,24,25] and our particular method 
of computation are given in Appendices B, C and D, For the interaction 
of a vibrating diatomic molecule BC (in this case CO) with an atom A 
(in this case Ar) the interaction potential using the coordinates of 
Fig. 1 can be defined as, 

V(r,0,R) = E(r,0,R) - E(00 ,any 0,R), (2-1) 

where Eis the electronic energy. 
To calculate V using the electron gas model one approximates 

the electron density p of the combined system as, 

p::: PA+ Pac (2-2) 

then calculatesxhepotential energy from functionals of the unperturbed 
electron densities pA and Pac· These functionals are the coulombic 
interaction energy and integrals over the kinetic, exchange, and 
correlation energy densities of a uniform free electron gas. For the 

4 
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5 

~c.ofm.of co 

Fig. 1. -- Center-of-mass coordinates used in the Ar-CO potential. 
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calculation reported herein we have used Rae's [26] exchange energy 
correction. This self exchange energy correction is simply a multipli-
cative constant times the exchange energy term (see Appendix B) and is 
similax to the ei. in J{(ll [.27..] calculations. 

For subsequent fitting, the resulting interaction potential 
is written in terms of the electron gas estimates of the Hartree-Fock 
and correlation energy contributions, 

as defined in Appendices Band D, 
To calculate the electron densities ()Ada.rid Psc needed we 

used the Ar SCF wavefunctions of Clementi [28] and the CO SCF wave-
functions of Mclean and Y'oshimirie {29] (their wavefunctions were calculated 
at 6 equally spaced values of the vibrational coordinate R ranging from 
1.898 a.u. to 2.483 a,u,). The potential energy surface was calculated 
at 14 equally spaced values of the Ar-CO distance r from r=2,5 a,u. 
to r=9,0 a.u,, the six equally spaced values of R, and 12 values of 
x=cose, which are the zeros [30] of the 12th Legendre polynomial 
P 12 (x), (These points are optimum [31] for expansion of the potenti al 
in Legendre polynomials,) for a total of 1008 points. The computational 
time required was roughly 5,5 hrs, on the CDC 7600 computer or about 
20 sec./point on the potential energy surface, Ccmventional configuration 
interaction programs would require 10-15 min,/point or a total of 
170-250 hrs, of CDC 7600 computer time, 

Subsequent to the completion of the calculations reported 
herein, we have found and reported elsewhere [24] (Appendix B) a much 
faster (N2 sec./point) and more accurate procedure for doing the calc-
ulation. Also,since the computational time requirement for the electron 
gas model is completely independent of the number of electrons in the 
system,it is possible to calculate the potential between interacting 
systems with a large number of electrons. 

6 
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B. Fitting of the Shbrt Range 
Potential 

Rather than give a large table of all the calculated points 
on the surface, (1008 points for each of the potential energy contribu-
tions VHF and VCOR) only the parameters that are necessary to 
accurately ;fit the potenti.al wUl .b.e given, 

lowing form, 
An attempt was made to fit the V. (i = HF or COR) to the fol-

1 

7 

11 2 
vi (r, a, R) = L L -i m v (r)P (x)(R - R ) nm n e , (2-4) 

n=0 m=0 

where R is the equilibrium internuclear distance of the CO molecule e 
(2.132 a.u.), but this resulted in oscillations in the v1 (r) for n=i= 0, nm 
mi=O. 
with a 

Consequently, we were unable to find a simple analytic function 
few adjustable parameters to accurately fit the Vi (r). However, nm 

for each of the vibrational separations of CO a fit was obtained using, 

8 
V. (r,0,R) 

l m =L ;tii (r) P (x) n n 
n=0 
8 

= L -mi 0 mi 2 a'11i e - an r-µn r p (x), 
n n (2-5) 

n=0 

The parameters used in fitting the surface at the equilibrium position 
of CO are given in Table 1. This fit resulted in a standard fractional 
deviation of 2%. 

As discussed in the next chapter our main interest was in 
calculating the vibrational relaxation of CO interacting with A~ treat-
ing the rotations in the Infinite Order Sudden approximation [8-12] 
(IOS) and using the close-coupling method (CC) for the vibrations. For 
this one needs only to have an analytic fit of the potential at each 
angle. The following form was chosen to separately fit the correlation 
and Hartree-Fock energy contributions, 
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8 

TABLE 1. -- Parameters used in Eq. (2-5) for fitting the short 
range Ar-CO electron gas intermolecular potential 

i=HARTREE POCK 
n=O n=l n=2 n=3 n=4 n=5 n=6 

-mi 15.973 -.4009 31. 726 -4.815 17.358 -1.984 .930 a n 

_mi 
.7536 .1433 1.0909 1.0862 1.5357 1.3922 1..3951 a n 

-mi 
13n .0910 .1019 .0468 .0277 o.o. o.o o.o 

i=CORRELATION 
n=O n=l n=2 n=3 n-4 n-5 n-f! 

-mi -.1826 .0192 -.0570 .0028 -.0143 .0022 .0008 a n 

-fill. .6513 .6444 .4865 .0710 • 7925 .7684 • 7213 an 

-mi 
13n .0326 o.o .0354 .0575 .0076 o.o o.o 
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9 

2 
vki(r) (R - R )m vi (r,ek,R) = L m e 

m=O 
2 ki -a. r 

( ki bki ki 2 dki 3) L m (R - R )m (2-6) = a + r+c r + r e m m m m e , 
m=O 

for each of the 12 angles. A linear least squares algorithm was used 
for determining the linear coefficients and a nonlinear search for the 
nonlinear parameter to minimize the percent deviation rather than the 
standard deviation. This resulted in a deviation of 1.8%. · The results 
of this fitting procedure are given in Tables 2 and 3. 

C. The Long Range Potential 
As noted elsewhere [3], if one attempts to construct the 

potential energy surface by simply adding together the VHF and VCOR 
contributions he obtains a potent~~l which does not have the correct 
long range behavior,_ This is due to the fact that the electron gas model 
does not allow for any rearrangement of the electron densities; hence,it 
does not have induction and dispersion contributions. As is well 
known [32],the correct long range behavior of the intermolecular 

.Potential can be expressed in terms of van der Waals coefficients as, 

-- [c6(0)+C6(2)P2(x)] - 1r [c1(l)Pl(x)+C7(3)P3(x)] 
r r 

-4f [c8 (0)+C8 (2)P 2(x) + c 8 (4)P4 (x)]- ... 
r 

(2-7) 

We have determined and reported elsewhere [15] (Appendix E) the c6 coef-
ficients of CO interacting with several atoms and molecules including 
Ar, an~ for completeness,the resulting c6 coefficients for the interac-
tions of CO are given in Table 4 along with higher _order coefficients 
determined in the following subsections. The notation and method 
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TABLE 2. -- Parameters used in Eq. (2-6) for fitting the Ar-CO ele½tron gas Hartree-Fock contribution 
at each angle (k labels the angle) 

m=O i = HARTREE-FOCK 

k = 11 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k = 10 k = 11 k = 12 
ki 1.875 1. 788 1. 775 1. 774 1. 235 1.207 1. 211 1.365 1.443 1.903 1.947 2.002 a m 
ki 3865 1736 785.6 308.9 30. 75 32.77 37.78 38 .95 37.21 195.8 629.9 1408 a m 

bki -2539 -1132 -517.3 -199.9 1.965 -6.269 - 8.524 2.201 18.37 -92.90 -390.9 -952.6 m 
ki 577.6 272.3 136.7 62.24 -.6521 .1716 .4807 -1. 924 -5.231 57 .41 141.2 289.6 cm 

dki 
m -34.80 -17.88 -9.539 -4.770 .0548 .0134 0 .1333 .3043 -5.476 -11,57 -21.80 

m=l i = HARTREE- POCK 

k = 1 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k = 10 k = 11 k = 12 
ki 1.984 1. 941 1.944 1 . 309 1.383 1. 287 1. 275 1. 717 1.768 1.836 1.916 2.012 a m 
ki 7480 3126 993.3 -17.35 -27.39 -21.51 -22.44 14.19 72.40 304.6 1023 2554 a m 

bki 1709 -2042 -717.5 12.55 13.06 9.398 10.67 -31. 53 -73.72 -225.3 -686.2 -1694 m 
ki 986.3 454.7 177.9 -2.118 -1.886 -1.279 -1. 491 12.24 25.29 65.96 175.2 405.1 cm 

dki -57.00 -27.79 -11. 55 .1047 .0860 .0557 .0648 -.9870 -2. 036 -4.838 -11. 97 -26 . 08 
m 

I-' 
0 
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TABLE 2. -- Continued 

m=2 
k=l k=2 k=3 k=4 k=5 

ki 2.257 2.387 2.328 1.146 .7817 a m 
ki -2798 -14739 -4641 -5.769 -1. 921 a m 

bki 5124 14023 4135 1.657 . 7289 m 
ki -1921 -4214 -1205 - .1112 -.0906 C m 

dki 218.2 417.9 116.4 0 .0037 m 

i = HARTREE-FOCK 
k=6 k=7 k=8 k=9 

1.477 1. 513 1.492 1.046 

15.56 17.10 9.639 -5.159 

-11. 66 -12.95 -9.244 2.326 

2.285 2.569 2.073 -.3166 

-.1309 -.1480 .. ,1275 .0136 

k = 10 k = 11 

1,607 1. 853 

24.62 478.7 

-21.60 -307.9 

6.052 67.03 

-.4219 -4,071 

k = 12 

2.031 

1855 

1142 

232.4 

-12.69 
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i 

TABLE 3. -- Parameters used in Eq. (2-6) for fitting the Ar-CO electron gas correlation energy 
contribution at each angle (k labels the angle) 

m=O i = CORRELATION 
k=l k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k = 10 k = 11 k = 12 

ki .9676 .9450 .9441 .9485 .9646 .9086 .8898 1. 036 1.038 1.040 1.044 1.051 a m 
ki .1452 .0637 -.0010 -.0687 - .1138 -.1517 -.1793 -.1540 -.1691 - .1845 -.2013 - . 2107 a m 

bki -.3248 - . 250.8 -.1865 -.1270 -.0911 -.0555 -.0384 -.1015 - .1176 -.1409 -.1653 -.1866 m 
ki .0245 .0208 .0163 .1192 .0094 .0108 .0099 .0107 .0122 .0142 .0164 .0180 cm 

dki 0 0 0 0 0 - . 0004 -.0005 0 0 0 0 0 m 

m=l i = CORRELATION 
k=l k=2 k=3 k=4 k=5 k=6 k = 7 k=8 k=9 k=lO k = 11 k = 12 

k' a i 
m 1. 584 1.347 1.334 1.306 1.195 .9167 .8707 .8763 .9094 .9487 .9841 1.015 
ki . 2476 -.5230 -.2970 -.0885 .0419 .0610 .0538 .0530 .0540 .0504 .0409 .0343 a m 

bki 2967 .6258 . 3922 .1694 . 0188 -.0269 -.0281 -.0360 -.0506 -.0702 -.0916 - .1114 m 
ki .1977 -.2346 -.1477 -.0680 -.0151 .0020 .0021 . 0028 .0040 .0056 .0073 .0085 C m 

dki -.0850 .0139 .0099 .0050 .0012 0 0 0 0 0 0 0 m 

..... 
N 
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TABLE 3. -- Continued 

m=2 
k=l k=2 k=3 k=4 k=5 

k" a i 1.431 1.464 .9621 .9013 .8867 m 
ki 1. 821 1.088 -.0255 -.0214 -.0229 am 

bki -1. 508 -.9964 .0470 .0320 .0279 m 
ki .4490 .3443 -.0130 -.0078 -.0063 C m 

dki -.0513 -.0428 .0008 .0005 .0004 m 

i = CORRELATION 
k=6 k=7 k=8 k=9 

.8871 .9350 1. 016 1. 291 

-.0166 -.0148 - . 0131 .0106 

.0221 .0221 .0245 .0076 

-.0050 -.0050 -.0057 .0038 

.0003 .0003 .0003 -.0015 

k = 10 k = 11 
1.384 1.433 

.1497 .3244 

-.1105 - . 2715 

.0388 .0843 

-.0060 - . 0119 

k = 12 
1.438 

.5018 

-.4127 

.1162 

-.0151 

..... 
v-l 
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TABLE 4. -- van der Waals interaction coefficients through CB for the 
interactions of CO with various partners 

Coefficient He Ne Ar Kr Xe 

c 6 co) 11.2±.8 23. 8 ± 2. 5 78.2±7.6 111 ± 12 192 ± 25 

c6 (2) .94 ± .27 1.99± .65 6. 55 ± 2. 06 7.3± 3.0 16.1 ± 5. 7 

c 7 (1, ind) .41± .06 . 79 ± .12 3.28± .48 4.95±.73 8.1±1.2 

c 7 (.1,dis) 2.1±1.6 4.4±3.7 14.±12 20. ± 17. 35 ± 31 

c7 (1) 2.5±1.7 5.1±3.8 18 ± 12 25. ± 18 42 ± 32 

c7 (3, ind) . 27 ± .04 .53± .08 2.19 ± .32 3.30 ± ,48 5 .38 ± . 79 

c 7 (3,dis) .13±.15 . 29 ± . 35 .94 ± 1. 1 1. 33 ± 1.6 2. 30 ± 2 .9 

c7 (3) . 41 ± .19 .81 ± .42 3.12±1.4 4. 63 ± 2 .1 7, 69 ± 3. 7 

Li 44 (O, 2, ind) 5.8±1.2 11. ± 2 46 ± 10 70 ± 15 114 ± 24 

'Li44 (O, 1,dis) 54. ± 5.0 128 ± 21 688 ± 105 1060 ± 174 2402 ± 448 

Li44 (0, 2,dis) 101 ± 25 215 ± 62 708 ± 197 1004 ± 293 1738±552 

Li44 (O, 1, ind) .015 ± .001 .039 ± .004 . 292 ± . 031 .477 ± . 049 .776± .076 

c 8 (0) 161.4 ± 31 354 ± 85 1442 ± 312 2135 ± 482 4254 ± 1025 

Li44 (2,2,ind) 6.6± 1.4 12. 7 ± 2. 7 53 ± 11 80 ± 17 130 ± 28 

Li44 (2,1,dis) 3.6 ± 1.1 8.5± 3.3 46 ± 18 71 ± 28 160 ± 68 

Li44 (2, 2,dis) 10.4± 4.4 22. ± 10 72 ± 34 103 ± 49 178 ± 90 

2Li35 (2,dis) 40.0±21.4 85 ± 49 279 ± 159 397 ± 232 686 ± 424 

2Li35 (2, ind) 1.4±.4 2. 8 ± . 8 12 ± 3 17 ± 5 28 ± 8 

Li44 (2,1,ind) .012±.001 .031 ± .003 . 23 ± . 02 . 38 ± . 04 . 62 ± . 06 

c8 (.2) 62 ± 28 131 ± 67 462 ± 225 668 ± 332 1183 ± 618 

Li44 ( 4, 2, ind) 5.0±1.1 9.5±2.0 39. 7-± 8. 5 60 .-0 ± 12. 8 98 ± 21 

Li44 (.4,2,dis) . 49 ± . 30 1.0 ±. 71 3.4±2.3 4.9 ± 3.3 8±6 

2Li35 (4,dis) 2.4 ± 1.8 5.2±4.2 17.0±13 24 .1 ± 20 42 ± 35 
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TABLE 4, Continued 

Coefficient He Ne Ar Kr Xe 

2ti35 ( 4, ind) • 80 ± . 23 1.5 ± .4 6.4±1.8 9.7±2.8 15.8±4.5 

c8 (4) 8. 7 ± 3 17 ± 7 67 ± 26 99 ± 39 164 ± 67 
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is that of Pack [32] in his studies of van der Waals coefficients for 
atom-linear molecule system~ except that we denote the atom by A and the 
molecule by BC. 

i. The c7 Coefficient 
As shown elsewhere [32] the c7 coefficients can be written 

in terms of induction and dispersion contributions, 

n = 1 or 3. (2-8) 

The induction contributions are 

C7 (1,ind) = 1
5
8 µ(BC)0(BC)a.(A) (2-9) 

and 

c7 (3,ind) = 1f µ(BC)0(BC)a.(A), (2-10) 

where a.(A) is the polarizability of the atom A, and µ(BC) and 0(BC) are 
the permanent dipole and quadrupole moments of the molecule BC. 

Using the labels n and v to identify the electronic states 
of A and BC, respectively, the dispersion contributions can be written 
in terms of the generalized oscillator strengths, 

(2-11) 

as 

[ fo (l,2)+fi f 1 (1,2)] ov ov (2-.12) 

and 
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[ fo (1,2) - f 1 (1,2)] 
0\) "3 0\) (2-13) 

where E" are the electronic excitation energies, and the double prime on 
the sum implies omission of all the terms with either n = 0 or "= 0. The 
multipole moment operators in Eq. (2-11) are given by, 

Q~(BC) = [47f/(2i+l)]112L Z. r~ ~(0.,¢.), 
iEBC 1 1 N 1 1 

(2-14) 

where the sunnnation is over all the electrons and nuclei belonging to 
BC, the coordinates are measured from the center of mass of BC, and 
the z- axis is taken to be along the diatomic E axis. Similar formulas 
hold for atom A. Upon replacing the arithmetic mean (E" + En)/2 by the 
geometric mean (E . E ) 112 in Eqs. (2-12) and (2~13), one obtains good 

" n -
approximations to the van der Waals coefficients, 

(2-15) 

and 

(2-16) 

in terms of the generalized oscillator strength sums, 

(2-17) 

where the prime- on the sum implies omission of the v = 0 term. For the 
spherical atom the S~ are independent ofµ. Using an oscillator model 
in which the center of charge is displaced by a distance of z from the 

0 
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µ center of mass, one obtains an expression for the s8C(l,2,k) in tenns of 
s~c(l,1,k) as [32], 

(2-18) 

and 

(2-19) 

Since the c6 coefficients are expressed in these same quantities [32] 

and 

the c7 coefficients can be written in terms of the c6 coefficients as, 

and 

24 z 
0 

5 c6 (2,dis). 

ii. The c8 Coe.fficients 
The procedure used in determining the c8 coefficient 

(2-22) 

(2-23) 

(2-24) 
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is the same as that given by Pack [32], and it is reconnnended that the 
reader refer to that paper for details. We only give the formulas that 
are necessary in its construction. Again each of the coefficients in 
Eq. (2-24) can be written in terms of induction and dispersion contri~ 
butions, 

(2-25) 

It is convenient to express th.e induction and dispersion contributions 
as 

2 
c8(L,ind) = 2 ti35 (L,ind) + L ti44 (L,.R-,ind) (2-26) 

,Q,=l 

and 

2 
c8 (L,dis) = 2 ti.35 (L,dis) +L ti44 (L,,Q,,disl. (2-27) 

,Q,=1 

Th.e induction terms· are, 

ti35 (O, ind) = 0, (2-28) 

(2-29) 

(2-30) 

ti44 (O, 1, ind) 5 2 = 2 µ (BC)q (A) (2-31) 

t 44 (O, 1, ind) = 2 µ2 (BC) q (A) , (2-32) 

ti 44 ( 4, 1, ind) = 0 , (2-33) 
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3 2 ll44 (O, 2, ind) = 2 0 (BC)a (A), (2-34) 

(2-35) 

and 

(2-36) 

where Q3 (BC) is the pe:nnanent octupole moment of the molecule and q(A) is 

the quadrupole polarizability of A. By replacing the arithmetic by the 

geometric mean, Pack [32] was able to express the dispersion contributions 

as 

(2-37) 

ti.35 (4,dis) ;~ b(-½) ll44 (O,2,dis), (2-38) 

(2-39) 

(2-40) 

(2-41) 

(2-42) 

(2-43) 

Here, 

(2-44) 



www.manaraa.com

21 

(2-45) 

(2-46) 

[ 
0 (2)1/2 ] e(k) = s8C(l,3,k)+2 3 s8C(l,3,k) / 

(2-4 7) 

and 

(2-48) 

Pack [32] obtains values for th.e quantities in these equations by use of 

the oscillatpr model. The results for the interactions of CO with sev-

eral atoms are given in Table 4. The error estimates may be small, but 

we feel that they are reasonable. 

D. Addition of the van der Waals Tail 

We can obtain a potential which has the correct behavior at 

both short and long range by 

od used by Cohen · and Pack [ 3] 

letting, 

vkCOR(r) 
m 

using a simple generalization of the 'imeth -

for atoms. This can easily be done by 

k r,o;;;;r , m 

(2-49) 
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where the rk are the points where the logarithmic derivatives (with m 
respect to r) of th·e two forms are equal (this insures that the first deri va-

22 

tive is continuous). The Bk were chosen to make the potential continuous 
k m 

at r and hence continuous everywhere. In order to get a rough estimate m 
of the vibrational dependence of the long range interaction the Am were 
chosen to be the angle average of the vibrational dependence of the 
short range potential at the point where the logarithmic derivative of 
the short and long range potentials are equal, i.e., 

(2-50) 

k=l k=l 

where the wk are the weights [30] associated with a 12-point Gauss-
Legendre quadrature. We could have obtained a more accurate long range 
vibrational dependence of the induction terms by using expansions of the 
dipole, quadrupole,and octupole moments in powers of (R-R) but did not , e 
because the exact long range vibrational dependence should have little 
effect on the vibrational relaxation of CO for reasons discussed in the 
next chapter. Also the largest contributions are usually the dispersion 
terms, whose vibrational dependence would have been difficult to obtain 
accurately. The results of the above pro~edure are given in Table 5. 

E. Results and Comparison with Experiment 
In this section we compare the second interaction virial 

coefficients obtained from our calculated potential with the experimental 
values of Brewer [33] and also compare our sphericaUy averaged poten~ 
tial with a spherical .potential of Jordan et al, [34] which was inferred 
f-;rom their h:i.gh energy scattering data. Vibrational relaxation data 
will be used to further test ·the potential in chapter III. 

We determined the interaction second virial coefficients 
of the Ar-CO system at the equilibrium position of CO using [35] 

00 1 
B(T) = ir / r 2dr/ dx{l-exp[-V(r,x,Re)/kT]} (2-51) 

Q_ -1 
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TABLE 5. -- Parameters used in Eq. (2-49) for smoothly joining the short range electron gas correlation 
estimate to the long range van der Waals tail 

k 1 2 3 4 5 m 
0 6.819 6. 729 6.626 6.484 6.297 
1 6.347 6.294 6.193 6.117 6.427 
2 7.636 7.553 7.844 8.136 8.266 

k 1 2 3 4 5 m 

0 . 6137 . 5628 .4625 .2997 .0763 
1 .8863 .8476 .7386 .4541 .1050 

2 .9881 .9830 .9730 .9584 .9426 

m=0 m=l m=2 

1.0 .3084 .0763 

6 
6.113 
6.982 
8,337 

6 
- .1411 
.3874 
.9252 

k r m 

Bk 
m 

A m 

7 8 
6.008 5,995 
7.060 6 .972 
8.416 8.340 

7 8 
-.2444 - . 2113 
.6443 .7586 
.9110 .9183 

9 10 11 12 
6,029 6.072 6.107 6.129 
6.848 6. 725 6,626 6.574 
8.018 7.548 7,273 7.203 

9 10 11 12 

-.1045 .0006 .0759 .1165 
.8132 .8416 .8566 .8638 
.9398 .9577 .9672 .9715 

N 
vl 



www.manaraa.com

24 

where k is Boltzmannts constant and Tis the absolute temperature. Vi-
brational averaging of the virial coefficients should be unnecessary for 
the temperature range ,(T=l00-300°K) of concern to us because the CO vi-
brational motion contributes little at these temperatures~ : In evaluation 
of Eq. (2-51), we used a ·48.:.point Gauss-laguerre quadrature for the r inte-
grat:i.on and a 48-point Gauss-Legendre quadrature for the x=cos0 integration. 
The results (in cc/m<;>le) are shown in Fig. 2, where one sees that our virial 
coefficients (-:--- dashed line) are too large. This implies that our 
short range potential is too repulsive or the long range potential is 
not attractive enough. Had Rae's [26] self exchange energy correction 
not been used, we may have obtained better agreement. For some systems 
this correction seems to improve the agreement but not for others. We 
now believe that this self exchange energy correction (which is similar 
to the a in Xa [27] calculati6rts) should be varied as an empirical 
parameter to fit the experimental second virial coefficients or other 
data. Since we determined only the Hartree-Fock estimate which is 
the sum of the exchange, kineti½ and coulombic energies 

(2-52) 

we had no way of doing this, so that it was necessary to scale the 
Hartree-Fock and short range correlation electron gas estimates to fit 
the experimental virial coefficients. An excellent agreement (percent 
deviation of 0.2%) was obtained using scaling factors of 0.77 and 2.64 
respectively for the Hartree-Fock and short range correlation energies. 
Our new potential is now given by 

V( e ) = 0.77 VHF(r,0,k) + VCOR(r,0,R) r, ,R (2-53) 

where 

(2-54) 
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Fig. 2. -- Comparison of calculated and experimental interaction 
second virial coefficients. Dashed line--~ before adjustment, 
Solid line - after adjustment. Triangles~ are the experimental 
values of Brewer ref. 14. 
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and 

yl<COR = 
k r~r m 

26 

m (2-55) 
k r >--r 

V m 

A plot of our new virial coefficients (- solid line) is also shown in 
Fig. 2 and,as can be seen,they are in excellent agreement (within 
experimental error) with the experimental values of Brewer. 

In Fig, 3 we compare our spherically averaged potential 
•*ith a spheri;ca,l, potenttal. Q;f JOl'dan et al. [ 34] • Their po·tential 
was obtained from fitting their high energy Ar-CO scattering data to a 
spherical potential of the form 

0 0 
2,09 A<r<.2,68 A. (2-56) 

They obtained A = 551 and y = 6, 99 with the potential given in e. v. · 
The agreement is excellent considering that a spherical potential fit 
to scattering data need not be the spherical average of the true 
potential, 

The contour plot in Fig. 4 is that of the Ar-CO inter-
molecular potential at the vibrational equilibrium position of CO 
V(r,0,R' ), The values of the contours are given in Table 6. As can e . 
be seen the potential has a minimum of roughly -.0004 a.u. (130°K) deep. 
'.{he - . 0004 a. u. contour extends almost completely arormd the CO lllOlecule 
which indicates that the minimum is very flat. 

The contours shown in Fig. ·5 are of the vibrational 
derivative of the potential at the equilibrium position of CO, 

a 
3R V(r,0,R) IR=R 

e 

where the value of the labeled contours are given in Table 7. 

(2-57) 
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Fig. 3, -- Comparison of our spherically averaged potential with a 
spherical potential fit to high energy scattering data. Solid line 
result of present calculations. Dashed line --- the spherical potential 
6f Jordan et. al. ref. 
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Fig. 4. --- Contour plot of the Ar-CO potential at the vibrational 
equilibrium position of CO. Values of the contours are given in 
Table 6. 
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TABLE 6. -- Values of the contours used in Figo 4 

Identifaction Contour Value (a.u.2 
A-A-A-A -00004 
B - B - B - B -00002 
C - C - C - C 00000 

D - D - D - D .0010 
E - E - E - E .0100 
F - F - F - F .1000 
G - G - G - G 1.0000 
H - H - H - H 10.0000 

. . . . . . . . . . ... ' .. 
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P_ig 1 . 5, -,."': C.ontou:r . plot .-0f . th_e "l.;i.:bi-~tional derJ yat;Lye of the A,r-:-CO 
· potent:i,_al · at the · equi'libritim position of CO. Values · of the contours 

are given in table 7. 
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TABLE 7. -- Values of the contours used in Fig. 5 

Identifaction Contour Value (a.u.) 
A - A - A - A -1.0000 
B - B - B - B -.1000 

C - C - C - C -.0100 
D - D - D - D -.0001 
E - E - E - E .0000 
F - F - F - F .0010 

G - G - G - G .0100 
H - H - H - H .1000 
I - I - I - I 1.0000 
J - J - J - J 10.0000 
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Between the nuclei there is a deep well region as should be expected 
since in this expansion the vibrational derivative should approach a 
negative infinity at the nuclei from the inside and a positive infinity 
from the outside which- also causes the cliff region, 

Th.e contours of Table ·8 -were ·used ' in plotting the vibra-
tional curvature, 

a2 I 'a.R2 V(r,0,R) R=Re (2-58) 

of the Ar~CO potential shown in Fig. 6. It has the same qualitative 
behavior as the vibrational derivative in Fig. 5 out is somewhat 
smoother. 
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:Fig. 6. -- Contour plot of the vibrational curvature of the At-CO 
potent;i,al at the · eqni.librium 'position of co. Values of the ·contours 
are given in Table 8. 
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TABLE 8. -- Values of the contours used in Fig. 6 

Identifactio Contour Value (a.u.) 
A - A - A - -.1000 
B - B - B - -.0100 
C - C - C - C -.0010 
D - D - D - D -.0001 
E - E - E - E .0000 
F - F - F - F .0010 
G - G - G - G .0100 
H - H - H - H .1000 
I - I - I - I 1.0000 
J - J - J - J 10.0000 
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III. Ar--CO V-T-R ENERGY TRANSFER 

In the first section of this chapter the theory of molecular 
collisions in the Infinite Order Sudden (IOS) approximation is described. 
In section B we describe the calculation of V-T-R (Vibrational-
Translational-Rotational) energy transfer, total cross sections, and 
vibrational relaxation rates, treating the rotations in the IOS approxi-
mation and using close-coupling for the vibrations. These calculations 
use the Ar-CO potential previously described in chapter II. Then our 
calculated vibrational relaxation rates will be compared with experiment 
in section C. 

A. Theory 
The formal theory of the Infinite Order Sudden (IOS) 

approximation has been derived using both space-fixed [8] and body-
fixed [10] coordinates. Both approaches are enlightening and give very 
valuable insights into the validity range of the approximation. In this 
section we present a derivation of the !OS approximation which is 
equivalent to that given by Secrest:[11] but is more straightforward and 
clearly shows its relation to the semi-classical sudden [36] 
approximation. After separation of the center of mass motion, the 
Hamiltonian [using either the space-fixed (primed) axes or body-fixed 
(unprimed) axes shown in Fig. 7] for an atom A interacting with a 
r-state diatomic molecule BC can be written in the form, 

-h 2 -1 a 2 ~2 
H=--r --r+-- + 

2µ " 2 2 2 a r µr 
t!BC + V(r,8,R), (3-1) 

where 1 andµ are, respectively, the angular momentum operator"[37] and 
reduced mass, 

µ = mA mBc/(mA + mBc), 

35 

(3-2) 
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c. of m. of sys tem 

c. of m. of BC 

Fig. 7. -- Center-of-mass coordinates used herein for A+ BC 
c_olltsi.qns The :p;ri.me4 . axes . ~:i;-~ th_~ ~,l)ac.~:"fi?CC9- c,cqordin,ate~, 
the unptj,med · a:i;-e the oody~i.xed coordinates~ · · 

A 

36 · 
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of A relative to BC and V(r,0,R) is the Born-Oppenheimer intermolecular 
potential. The internal Hamiltonian HBC in Eq. (3-1) governs the 
nuclear motion of the diatomic molecule BC, 

(3-3) 

where µBC is the reduced mass, 

(3-4) 

JR is the angular momentum operator [38] of the diatomic molecule, and 
VBC is the Born-Oppenheimer interatomic potential. In the IOS approxi-
mation the following replacements of operators by constants are made 
[39], 

in Eq. (3-1) and 

J 2 h 2 -=-c-=- 1) ~R + J J + , 

:i;n Eq. c, ... 3) to give, 

[
- h 2 -1 a 2 h 2 A(A + 1) h 2 -2 a 2 a 

2 r --:--z r + 2 + V(r,0,R)--2-- R c)R R aif 
µ ar 2µr µBC 

A.-: 
E l/1 {r, k; 0) 

\) 

(3-5) 

(3-6) 

(3- 7) 
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A-=-
Where th.e notation on the wavefunction ij}v J (r,R;8) is used to indicate 

that it now has only a parametric dependence upon the angle 8. The 

numbers A and j in Eq. (3-7) are arbitrary constants. The wavefunction 
A-l/I J (r,R;:8) can be expanded in a complete set of vibrational wavefunc-v 

tions x~ .... (Ry JV . -

where 

(3-8) 

(3-9) 

and e;-.- are the rotation-vibration energy levels. Substitution of Eq. 
JV 

(3-8) into Eq. (3- 7), multiplication by -hz~ X~ .. (R) on the left and 
JV 

integration over R gives the following set of second order coupled 

differential equations, 

[£ kI - A(A+l) l v (r:8) = 2 + ·v 2 g .. - LJ 
dr J r " \) .... 

where 

and 

00 

V u .... 
V 

(r ,8) V g .... (r;8) 
\) 

- 2µ f R2 * - - X .... h2 v (R) V (r, e, R) X \) (R) dR 

Q 

These equations are solved subject to ·the boundary conditions, 

(3-10) 

(3-11) 

(3-12) 

(3-13) 
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and 

(3-14) 

These are not the usual I0S solutions [10] but the usual 
scattering solutions can be obtained by projection. The body-fixed 
solutions are 

(3-15) 

where 

(3-16) 

and Yjn(R) is a spherical harmonic with angles R = (8,<P) in the body-
fixed system. That these are indeed the solutions of the usual I0S 
scattering equations can be shown by multiplying (j~n~lon the left and 
ljn)exp[i27T (J-j + .x)] on the right of Eq. (3-10) to give 

= L(j~n~ I u~N(r,8)g~N(r;8)I jn)exp [\7T (J + j -.\)]. (3-17) 
\)~~ 

Then inserting the completeness relation [ 40], 

1 = L L lj NnN)(j nn"I (3-18) 
j 

on the right hand side of Eq. (3-17) gives the usual I0S scattering 
equations I 10] 
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[ i k~ _ A(A+l)] GJjrv ( ) 2 + ·v 2 ·.,. .,. ... r dr J r J Q v · 

(3-19) 

in the body-fixed formulation, where we have used [41] 

(3-20) 

in obtaining this result. 
boundary conditions, 

rnv The solutions G.~r,.,. .,.(r) are subject to the J 3G \) 

J·nv 
G. ~r..,. .,. (O) = 0 J ~, \) (3-21) 

and 

(3-22) 

where ~J is the scattering matrix. Multiplication of Eqs. (3-13) and 
(3-14)by (j_,.51.,.I and exp i; (J+j-;\) jjn)on the left and right, respec-
tively, gives 

J"Qv G.~r..,. .,.(0) = 0 
) 3G \) 

(3-23) 

and 
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Jjnv -112{ I ( - (J+2j)7T)] G ... n.,. .. (r)- k7v.. o .... onn .. o .. exp -i k-J.V r J a, V J J J a~, \)\) 

which proves that these are the usual IOS scattering solutions. Also 
from the comparison of Eq. (3-23) with Eq. (3-22) one obtains an 
expression for the scattering matrix SJ, 

41 

(3-25) 

The space-fixed IOS solutions [10] can also be constructed by projec-
tion [39] 

(3-26) 

where the brackets imply integration with 

(JMjR-1 (3-27) 

with angles R-;,(01"',<j>~) a,nd ce;,<1>;) in the space-fixed system. That 
these are the usual IOS space-fixed solutions is easily proved as before 

. . h CJ . g1v1ng t e matrix as, 

(3-28) 

_ Using any physically reasonable choice for f and A which are 
independent of the total angular momentum J, the J sum in the scattering 
amplitude formula can be done analytically to give simplified expressions 
for the scattering amplitude and differential cross sections. In the 
body-fixed formulation the scattering amplitude is [10] 



www.manaraa.com

= LLLCi)j-j"'"+l(-l)mj..,-mj (2J+l) 7Tl/2 
J ff'" £ ... 

42 

(3-29) 

Y ... (r") 
£ ,m. -m . ... 

J J 

where the C(Jj ... £;~ ,-~-: ,mj -~~") are the Clebsch-Gordan coefficients [42] 
and r ... = (0",¢") are the angles associated with the space-fixed coordi-r r 
nate -system--.----The transition71latrix !'L i.n Eq-;-- {-3 '- 30)- --is---de-fined---a-s---,--- -

(3-30) 

Substitution of Eq. (3-30) into the scattering amplitude Eq.(3-29) and 
using the properties [43] of the Clebsch-Gordan coefficients the sum 
over the total angular momentum J can be done analytically to give, 

(3-31) 

where the central field scattering amplitude (which parametrically de-
pends upon the angle 0) is 
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l (2R- ... +l)P 11 ... (cos 0,.)TJA ... ('0) 
2i [ k . ... ...k . ] 1/ 2 N r vv 

J \) JV N 

(3-32) 

and 

(3-33) 

are the elements of the transition matrix Ij.\(0). 
The degeneracy averaged differential cross s·ection (scatter-

ing intensity) is [10] 

k....... 2 
I(j ... v ... +jvl~) = 

2
.1 1 ~k v ~~lf(j ... m .... v ... +jm.vlJ ... ) I ' J+ . J J 

JV m. ID.,.. 
J J ' 

1 k.... ... ..,...\ 2 
= 2J-+l { v L l(jm. lfJ (v ... +-vlf ... ;8) lj ... m.) I 

jv J J 
mj 

(3-34) 

If ·we also assume that J and.\ are independent of j ... we can 
sum the degeneracy averaged differential cross section over the final ro-
tational states using the completeness relation [40] 

(3-35) 

to give 

I(v ... +-jvlr) = c2/+1)L(jmj14:2 1~(2R- ... +l)PQ, ... (cos e;)T~~ ... (0)!
2
1j~) 

mj jv R, 
(3-36) 

This can be further simplified by use of the spherical harmonic addition 
theorem ['44] , 

=~Y: (0 1 ,¢1)Y. (0 2,¢) JID· JID• 2 , J J ID· j 

(3-37) 
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I where 0 is the a_ngle between the vectors rl 1 and f 2 defined by the angles 
(01'cj'i) and (8 2 ,¢2), respectively, (for the present case 0 1 = e2 and 
¢1 = ¢2 and hence 0 = O)J giving 

where we have used [45] 

y. (O O) = (2j + 1) 1/2 
JO · ' 47f (3-39) 

in deriving Eq. (3-38). The following equations and Eq. (3-38) are in-
dependent of j _ if J- and >. are taken to be independent of j . 

The differential cross section in Eq. (3~38) can be written 
as an average over the central field differential cross section which 
also parametrically depends upon the angle 8, 

I(v ... +jvlr)_ = ½ /1Trcv--+jvlr ... ;8)sin8 dS 
0 

with_ the central field differential cross section defined as, 

The total cross section can also be written as an average over the 
central field total cross sections as, 

where 

1T 
cr(v ... +jv) = ½ / cr(v ... +jv;8) sins d8 

0 

a(v ... +jv;0) = /
2
1T/1Trcv--+jvlr ... ;0) sine; de; d<j>; 

0 0 

(3-40) 

(3-41) 

(3-42) 

(3-43) 
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with substitution of Eq. (3..-41) into Eq. f3..-4"3) and using the 
orthogonality (46] of the Legendre polynomials gives the usual central 
field expression for the total cross section, 

As seen from the simplified expressions given above a physically 
reasonable choice of A is 

:\ = t .... (3-45) 

Also since f mainly affects the energy levels in Eq. (3-10) a physically 
reasonable choice for f is 

j = (j + j ... )12 (3.,-46) 

but for molecules with a small rotational constant the ~j:\(0) matrix will 
almost be independent of J and we can choo£e J a,s a · constant independent 
of j and j .... 

After obtaining the total cross sections cr(v ... +- jv) the vi-
brational relaxation rate constants kv ... +-v(T) are evaluated using [47], 

(3,-47) 

where pj(T) is the probability of being in the j 'th rotational state at 
a temperature T, Eis the incident relative kinetic· energy and kB is 
Boltzmann constant, From the detailed balance relation [48], 

kv+-v"'(T) 
- ( E - E ... ) / kB T 

= e ov ov · k ,,. (T) 
v ·+-v (3-48) 

the corresponding excitation rates can then be obtained. 
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B~ Calculations 
Th.ere have b.een several methods proposed for numerical 

solution of the coupled scattering equations. The two most promising 
methods· known are the Sams and Kouri [17] integral equations method, 
and the Gordon [18] piecewise analytic function method. All of the 
close-coupling calculations reported herein have used a combination of 
both methods in order to utilize the advantages of each. 

46 

It was found that for large values of the angular momentum 
(A = Q, .. > 200) and small kinetic energies {E <25,000°K (relative to the 
ground state vibrational line of CO)] that the Distorted Wave [49] 
approximation correctly predicted the elements of the S-matrix, SJ\(0), 
to within 5%. We therefore used it for the scattering calculations in 
this range. Close-coupling was used for all values of the angular 
momentum at high energies (E;;;;i, 25,000°K) and also for all of the energies 
when the angular momentum was small (A= Q, .. 200). 

i. Integral Equations 
The Sams and Kouri [17]integral equations method will be 

presented for the single channel case to keep the notation simple. 
Generalization to the multi-channel problem is straightforward. 

The single channel scattering solution gQ,(r), where 

-- + k [
a2 2 

dr2 

is subject to the usual scattering boundary conditions, 

e_3..._so) 

and 

. (k .R.7T) -i r--g (r) - e 2 
.R. roo 

(_3.-51) 

.R, where S is the scattering matrix, 
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2i.T)..2. e , (3-52) 

and the n.1 are the phase shifts. The solution g1 (r) of Eq. (3-49) can 
then be written as a sum of a homogeneous g~(r), and a particular &i(r) 
solution, 

(3-53) 

where the homogeneous solution satisfies, 

(3-54) 

and the particular solution is any nontrivial solution of Eq. (3 .... 49), 

The homogeneous solution can be written.in terms of the Riccatti-Bessel 
function f1 (r) and the Riccatti-Hankel [30] function of the first kind 
hil) (r) as, 

(3..-55) 

where the constants c1 and c2 are determined from the boundary conditions 
on gt(r). The particular solution of Eq. (,3-49) can be obtained using 
Green's functions [SO] or equivalently by the method of variation of 
parameters [SO], Using the method of variation of parameters gives, 

jR.(kr) nP)(kr) - jt(kr ... ) tf)Ckr) 

w[ni1
)(kr), Ji(krD 

for the particular solution, where Wis the Wronskian, 

w[iiil) (kr), j .2. (kr~ = hil) (kr)~rj .2. (kr) - 1.2, (kr)f/1?) (kr) 

(3"'56) 

(3-57) 
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which can be easU:y evaluated to give, 

(3-58) 

Since f gt (r) is also a particular solution of Eq. (3-49) the solution 

gt(r) can be written as, 

gt (r) = g~ (r) + j t (kr)/ r 11p) (kr ... ) 
0 

- nil)(kr ... )/r jt(kr ... ) U(r ... ) gt(r ... ) dr .... 

0 

The boundary condition at r = 0, Eq. (3..,.50), then gives 

(3-59) 

(3-60) 

Since the solution is zero at r = 0, the asymptotic boundary condition 

simply scales the solution; hence, 

where, 

gt (r) = j t (kr) + j t (kr) fr hil) (kr ... ) U(r ... ) gt (r ... ) dr ... 

0 

- hil)(kr)/rjt(kr ... ) U(r ... ) gt(r"') dr 

0 

(3.-61) 

(3-62) 

A formal expression for the constant C in Eq. (3-62) can be obtained by 

using the asymptotic boundary condition to give 

C = 2i/f 1 +/00

[ti.?) (kr ... ) + 2 jt(kr ... )Jucr ... )gt(r ... ) dr ... ,. 
0 

(3-63) 
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where we have used the asymptotic behavior of the Riccatti-Bessel -[30], 

( 
. R, ) kr - ; ()---64) 

and the Riccatti-Hankel [30], 

(3..-65) 
r+oo 

functions. In practice the constant C is never determined using Eq. 
(3-63), but by directly scaling the solution gR.(r) at same large distance 
to match the asymptotic boundary condition. 

At first glance it looks as though Eq. (3-61) would have to 
be solved iteratively since g1 (r) is on both sides of the equation. How-
ever, replacing the integrals by a numerical quadrature gives, 

and one sees that the i'th term on the right-hand side cancels exactly 
giving, 

i-1 
g1 (ri) = j 1 (kri) + 32 (kri) L h?) (krj) U(rj) g2 (rj) Wj 

j=l 
(3-67) 

The weights w. in Eqs. (3~66) and (3.,.67) ~re the weights associated with 
J 

a particular quadrature (i.e., Trapezoidal [30], Simpson [30],etc.). 
The integral equations method has the advantage that it requires little 
computational time per step, however the method integrates an oscilla-
tory solution and hence requires a large number of steps. It also has a 
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disadvantage for high .!l,~:values since it must calculate the Riccatti-
Bessel [30] and Riccati.i~Hankel [30] functions which are usually 
obtained by· recursion. For coupled channels with the same .!I, values the 
las·t disadvantage can be essentially eliminated if one numerically 
integrates the homogeneous equation Eq. (3-54) to obtain the Riccatti-
Bessel [30] and Riccatti-Hankel [30] functions. 

ii. Piecewise Analytic Functions 
In Gordon~• s u·sJ piecewise analytic functions method 

what one does is replace the effective potential 

eff ui (r) = U(r) + .Q,(.!l,+l) 
2 r 

by a reference potential u!(r) in a piecewise fashion 

r. <r <r. 1 . 
l 1+ 

(_3 ... 69) 

The reference potential is chosen such that it accurately fits the 
effective potential in the given region r. <r <r. 1 , and the solutions 
i l 1+ 

g.£, 

(_3 .. 70) 

are known analytically. Then the scattering solution g.!l,(r) is formed by 
matching the reference solution and its derivative across the boundaries 
of the regions 

and 

d i 
dr &.11,Cr) I 

r=r. 
l 

(_3 ... 72) 
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The r ~ are deter.mined by a perturbative procedure [18] resulting in 
l.. 

unequal step sizes which is a major advantage of the method as discussed 
in iii.. The method is simply generalized to the many channel case by 
the diagonalizing of the matrix W whose elements are, 

W = k2 - t(t+l) - U ... (r) \)\)... 2 \)\) (_3.-73) 
r 

in the region of interest and then fitting the eigenvalues with the 
reference potential and hence obtaining the reference solutions ~i and 
then transforming back to get the scattering solution. This is a dis-
advantage since the diagonalization of a matrix is a time consuming 
process. 

iii. Joining of Both Methods 
Since the Gordon piecewise linear program [18]can take large 

step sizes when the potential is varying slowly (larger) it is very 
efficient in that region. In the Sams and Kouri [17]method however, one 
is limited by the De Broglie wavelength and not the smoothness of the 
potential hence it is inefficient where the potential varies slowly. 
However, when the potential is varying rapidly (small r) the Gordon 
Program [18]requires a large number of steps and hence is less efficient 
than the Sams and Kouri [17] procedure. This is why we chose to use the 
Sams and Kouri [17] method at short distances and then switch over to 
Gordon Program [18] at large distances. Using this procedure we were 
able to solve the coupled scattering equations 5 times as fast as either 
method alone. 

For distances less than 14.0 a.u. the Sams and Kouri [17] 
method was used with a step size of .005 a.u. which required about 3000 
steps. For distances greater than 14.0 a.u. the Gordon Program [18] 

-12 was used with all of the tolerance parameters set to 1. 0 x 10 except 
for TOLHI which was set at 5. 0 x 10- 7. TOLHI governs the step size and 
hence the accuracy. Using these parameters we were able 

1st ... 1
2 within a few percent when they had magnitudes as 

\)\) 

to calculate 
-11 low as 10 . 

Since the Sams and Kouri I17] algorithm does not use the first deriva-
tive of the scattering solution whereas the Gordon Program does it was 
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necessary to calculate the first derivative of the solution at the 
switch over point 14.0 a.u. The first derivative could be propagated 
along with the solution in the Sams and Kouri (17] procedure with little 
additional computational effort. Also the derivative could be calculated 
very accurately using the Sloan formula (51], 

where .h is the_ step .siz_e. _ Since the derivative is needed only. at the 
switchover point, we chose this latter procedure since it is slightly 
faster numerically. 

iv. Vibrational Wavefunctions 
The vibrational wavefunctions Xjv(R) {solutions of Eq. (3-9) 

with the Simons-ParT.._finlan {52] interatomic potential V (R)] of CO were 
obtained -using the variational principle with the first 20 harmonic 
os:cillators as a basis set. The harmonic oscillators have their origin at 

0 
= 1.183 A 

where R. and R are the inner and outer Rydberg-Klein-Reese (53] min max 
(RKR) turning points for the 9th vibrational level of CO. The force 
constant is chosen so that the eigenvalue of the 9th harmonic oscillator 
is equal to the experimental energy of the 9th vibrational level of 
CO. We obtained the first 10 vibrational energies accurate to within 
.0004%. Since the intermolecular potential was expanded in a power 
series about the equilibrium position Re, of CO it was necessary to 
calculate the coupling constants. 
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(3-76) 

These constants were calculated using a 50 point Gauss-Hermite quadra-
ture and are .accura.te .. to . at 1ea,st 5 s_~gn:L;e;t;cant ;figures, 

c. Results and Comparison with Experiment 
Because the final rate constants involve averaging cross 

sections calculated at many energies and each cross section involves 
summing transition probabilities calculated at many values of the 
angular momentum R:we will only give a few representative detailed 
results here. In Fig. 8 a plot is made of the opacity function 
[(2R..+l)ls~1 12] (after averaging over the angle 8) verses the angular 
momentum R.. for the 0+-1 transition at a relative incident energy 

0 E/k8 = 1,915 K. Opacity plots are very interesting since the area 
under the curve is proportional to the cross section and the impact 
parameter (b= (t+l/2)/k, where k2=2µE/h2 and E is the relative incident 
energy) is a measure of the closeness of the collision, i.e., small 
impact parameters imply a close collision. The maximum on the opacity 
curve corresponds: to an impact parameter of 4 .1 a. u. This indicates 
that at this relative kinetic energy the main contribution is due to 
the long range attractive part of the potential. The dependence upon 
the angular momentum is quite smooth and this plot is typical for all 
of the low energy scattering. 

The opacity plot in Fig. 9 is at a relative- incident kinetic 
0 energy E/k8 of 20,915 K for the 0+-1 transition. The dependence upon 

the angular momentum R.. is very smooth. This plot is typical for all 
scattering energies above 8,000 °K. The maximum occurs at an impact 
parameter b of 1.1 a.u. which implies close collisions. The transition 
probability is totally dominated by the repulsive wall of the potential. 

In Figs. 10 and 11 we have made opacity plots for the 1~2 
and 0+2 transitions respectively at a relative incident (v=2) E/k8 of 

0 17,869 K. It is seen that these plots are very similiar to the 0+-1 
transition given in Fig. 9, but the transition probabilities are smaller 
because the relative kinetic energy has decreased. The 0+2 transition 

5 in Fig. 11 has a very small cross section and is down by a factor of 10 
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Fig. 8. -- Opacity function for the 0+-1 transition at E/k8 = 1,915 °K 
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Fig. 9, -- Opacity function for the 0+-1 transition at E/k
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Fig. 10. -- Opacity function for the 1+2 transition at E/k8 = 17,869 °K 
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Fig, 11. Opacity function for the 0+-2 transition at E/k8 = 17,869 °K 
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when compared to the O+l transition. Also, the 0+2 transition has its 
maximum at a smaller impact parameter (b=O.77) than the 1+2 transition 
which implies that closer collisions are required for the 0+2 
transition as would be expected. 
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In Figs. 12-15 plots are made of the total cross section 
cr(O+l;0) (which parametrically depends upon the angle 0) for the O+l 
transition at 4 different energies as a function of the angle e. It is 
seen that the angular dependence is quite smooth especially ·£or the 
higher energies. For the higher energies it is noticed that the plots 
are all very similiar and that the maximum transition probability is 
near 90° which clearly shows that the major contribution comes from 
perpendicular collisions. Thus, the well-known simple models which 
assume that vibrational transitions are predominately caused by . 
collinear collisions are simply not valid for this system. These 
results are typical of all scattering energies. As the energy is 
decreased the maximum shifts off 90° but never to a collinear config-
uration. 

Since this angle dependence is somewhat surprising let us 
consider why it occurs. In Figs. 16-18 the coefficients, V (r,8) m 
(m=O, 1 or 2), in the expansion of the potential 

2 

V(r,8,R) = """""'V (r,8)(R-R )m , L...J m e 
m=O 

(3-77) 

in powers of the vibrational coordinate, have been plotted, as a function 
of the distance r for 3 different angles. It is seen that for 8=97.2° 
the m=l and m=2 contributions are negative. That makes this the most 
favorable angle for vibrational transitions for the following reasons: 
First, it decreases the slope and hence allows more penetration into 
the barrier. Secondly, since the diagonal vibrational coupling matrix 
element [Eq. (3-76)] is larger for the higher vibrational state, the 
slope and magnitude of the diagonal potential matrix element [Eq. 
(3-12)] is smaller for the upper vibrational state causing the classical 
turning points to be closer together, giving more overlap and a greater 
transition probability. These explanations can also be shown [54] to 
be correct by using the distorted wave [49] approximation (which 
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correctly but qualitative.ly gives the same results) and evaluating the 
transition matxix elements using the saddle point method (;;5]. This 
also shows that the transition probabilities are not only very sensitive 
to the sign of the pexturbing potentials (V (r,e), m=l or 2), through . m . 
their diagonal matrix elements, but also to the ratio of the slope of 
the perturbing potential to its magnitude c1v--cr,e)/V (r,e)I, m=l or 2) m m 
where the larger this ratio the larger the transition probability. 
This ratio is· also largest at 97.2°. Thus, we see why the vibrational 
transition probabilities are very sensitive to the potential in this 
region. 

Plotted in Fig. 19 are the total angle averaged cross 
sections (for 6v=l transitions) versus the relative incident kinetic 
energy. The cross sections increase more rapidly with v than one 
would expect from simple hamon:lc models. The additional increase is 
attributed to the closer spacing of the CO vibrational levels at 
higher vibrational quanta. Even at the highest scattering energies 
the cross sections have not reached a maximum and are well below the 
gas kinetic cross section ;in magnitude, 

In Fig. 20 a comparison is made of our calculated vibra~ 
tional relaxation rates (-- solid llne) with the experimental values, 
The dashed line through the experimental values is a .fit to the 
experiments using the Landau-Teller theory which predicts that 
ln k .. (T) vs, r-1/3 should be a straight line, lt is clear from the "" . 

figure that our cross sections are considerably too small • . This 
discrepancy can be caused by one of two reasons or a combinat;i:on of 
both, First, in using the infinite order sudden approximation for the 
rotations we neglected the differences in the rotational energies, and 
large rotational transitions could reduce the effective energy gap 
between the vibrational channels; hence, larger transition ·proba" 
bilities would be expected, Tf this were the sole cause our relax~ 
ation rates would be better at low temperatures (since at higher 
temperatures the large'.l" j states are mo'l;e highly populated and the 
difference in rotational energies for the same 6j transition would be 
larger causing a sm.aller effective v;i;brational energy gap) whlch is 
opposite to what j;s observed in our calculated rates, Al tho.ugh we do 
not believe this to be the case further calculations in which the 
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vibrational energy gap has been reduced to test this possibility are 
necessary. The second and we feel most likely reason for the discrep-
ancy could come from inaccuracies in the short range electron gas 
potential. As mentioned earlier our transition probabilities are very 
sensitive to the potential and self consistant field calculations are 
currently being performed to test the short range electron gas poten-
tial and hence this hypothesis. 
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Fig. 19. -- Energy dependence of the total cross sections for the 
~v = ±1 transitions . 
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IV. SUMMARY AND CONCLUSIONS 

We have determined the angle, distance and vibration 
dependence of the Ar-CO intermolecular potential using a modification 
[3] of the electron gas model [1-:-4]. The long range behavior of the 
potential was determined from accurate van der Waals coefficients which 
were calculated from experimental refractive index data using the Pade~ 
approximant methods of Langhoff and Karplus [13]. These are presently 
the most accurate van der Waals coefficients for the interactions of 
co. 

We have obtained simplified expressions for the scattering 
amplitude and differential cross section within the infinite order 
sudden approximation. Then using the infinite order sudden approxi-
mation for the rotations in the Ar-CO system we solved the coupled 
vibrational scattering equations using a combination of the Sams and 
Kouri [17] algorithm (for short distances) and the Gordon [18] Airy 
function expansion method (for large distances) at a number of energies . 
and angular momentum values. Total cross sections were then calculated 
at several energies in order to determine the vibrational relaxation 
rates. It was found that our calculated rates are very sensitive 
to the short range potential and that they were much smaller that the 
experimental values. Indicating that extreme care should be taken in 
the classical turning point region, where a limited amount of config-
uration interaction or self consistant field calculations should be 
performed and used to obtain an a-type parameter with which to scale 
the electron gas exchange energy, which will also be a very useful 
test of the accuracy of the potential. 

In conclusion we beleive that this type of approach should 
be very useful in determining interactions of systems similiar to 
the Ar-CO system, i.e., systems in which the molecule has a small 
rotational constant and the reduced mass is large. 
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APPENDIX A 

ROTATIONALLY INELASTIC MOLECULAR SCATTERING. 
COMPUTATIONAL TESTS OF SOME SIMPLE 

SOLUTIONS OF THE STRONG 
COUPLING PROBLEM. 

(A reprint. See Thomas P. Tsien, Gregory A. Parker and Russell T 
Pack, J. Chem. Phys. 59, 5373 (1973).) 
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Rotationally inelastic molecuiar scattering., Computational tests of some simple solutions of 
, the strong coupling probiem * 

Thoma,, P. Tsicnt, Gregory A. Parker, and Russell T Pack:t 
Deportmt!fll o/Cltt!mistry, Brigham Young U11fru~ity, I'rol'<J. Utah 84602 

(Recei,«i 13 Augusl 1973) 

Panial cross sections (opacity function.\) for r~tational transiti<>ns m atom-diatom collisions arc computed 
in L'lc infinite<irdcr suJJcn (1OS) approximation and compared with accurate closc-courfing (CC) 
c:alculations. Agreement is good in the d•Jminant .:onpling (small total angular momcntu:n J) rc~ion. Simple 
methods for calculating integral inclas1ic cross sec1ions are d1si:uss~. and it i.._ found tiult .a.ccurale cr~s 
sections can often be computed very simply, even when large numbers of channels arc coupled together, by 
using 10S or first-order ,udd<en (FOSJ appr;,xirnatious for ~,nail J and CC or exponential Born (EBDW) 
methods for brgc J. 

L INTRO:>UCTION 

A major problem in the quantum theory of molec-
ular scattering is that (for small total a~"Ular mL0-

mentum J and any molecules except hydrides) the 
collision causes large numbers of rotational states 
to be strongly coupled together. This gives rise to 
a large set of coupled radial Schrcdinger equations 
which must be solved simultaneously. Although 
truly sig11i!ic:mt advances 1' 2 have been made in 
recent years in the accurate, close-coupled (CC) 
numerical solution of these equations, tile CC com-
pu:.ation of the large r,umbers of cross sections 
naeded in the description of relaxation and reactive 
processes is still exceedingly expensive. Hence, 
there remains a real need £or approximate methocis 
which give accurate reaults and yet ara computa-
tionally simple. 

Most simple appro:<i•.nations (such as the ordi-
nary distorted wave approximation) fail miserably 
In the dominant coupling (small J) region. Be-
sides the sudden appr0ximatior.s used herein, the 
only other computationally simple method that we 
know or that may be useful here is the statistical 
approxL-nation. 3 But it cannot be used unless one 
knows from some other source how manv channels 
are strongly coupled together,• and it d~es nut give 
tilt: phase oscillations o<Jserved in the figures pre-
sented in Sec. ill. Hence, it was not used in this 

. work. 

I:i this paper we repor~ calculations comparim; 
some sudden approxirr.ations with nccurate CC re-
sults for several atom-diatom rotationally inelas-
tic collisons using empirical intermolecular poten-
tials. In Sec. II the problem and methods used are 
outlined; then, in Sec. III, results are presented 
and comparisons made. We conclude in Sec. IV 
that simple but adequate approximate solutions of 
the rotationally inelasti<.: scattering prob)t)m are 
now known. 
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U. TI:IEORY AND CALCULATIONS 

Since the approximations used in this paper have 
all been discussed elsewhere, only a sketch of 
their derivations is given. 

The objective here is to solve the Schrodinger 
equation for the collision of an atom A with a di-
atomic molecule BC. To get at the essential diffi-
culty of treating rotational states, we use the 
rigid rotor model and formulation of Arthurs and 
Dalga1·no5 with empirical interrnoiecular poten-
tials U of the form 

U(r', 6)=V(r')+ W(r') Pz(cosll) , (1) 

where the coordinates are thnse shown in Fi.g. 1 
and the primes star,d for cgs units. In reduced 
units (r=r'/u, where u is the point at which Vis 
zero), the coupled equations which must be solved 
can be written in the form5 

(ui2/d·r+ E - V{r) 1- W(r)F] G(r)= 0, (2) 

where G={G.(r}} is a column vector of r:rdial chan-
nel wave!uncticns, Fis a matrLx of Perci,.11-Se:i-
ton3'5'5 coefficients, 1 is the unit matrix, and the 
elements of E are 

(3) 

where the z. are relative orbital angular momenta. 
In these reduced units the channel wavenumhers 
k • and energies k! are given by 

(4) 

where µ. is the atom -diatom reduccc! mass, E is 
the total energy (in cgs units), and the j. are the 
rotor angular momentum quantum numbers. The 
rotational const,mt 13 of the diatomic molecule is 
'!.iven in these units by 

(5) 

where R' is the average DC intcrm1cle::ir distance, 
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c. of m. of BC 
8 

FIG. 1. Center of mass coordiru.tes used herein for A 
+ BC colUslons. 

and µ 8 c ls the reduced mass of BC. The potentials 
used herein are (in reduced units) 

(6) 

and 

W= 4D(a12 r" 12 - a, r"1), (7) 

where D= 2/l1,.-8ciff./lt-. Here t: is the (cgs) depth 
of the intermolecular potential and a12 and a1 are 
asymmeti-y parameters . 

For each value of the total angular momentum J, 
one must solve the set of coupled equations (2) 
subject to the boundary conditions 

G. k;: ' 2 {on1 exp[-i(k,r -½l,11)] 

-S:1 exp[ilknr -½lnrr)]} (8) 

to obtain the elements S~, of the scattering matrix. 
Once this is done the degeneracy-averaged inte-
gral cross sections needed can be written in the 
form5 

11 U.,-in)= (11/k!)f (2.T + 1) <P., (j,., j.), (9) 
.l•O 

where the opacity functions (average transition 
probabilities) G} (j.,,jn) are given by7 

,l~n .1.;1. .. 
a>.,(j .. ,jnl=(2j.+lr1 

LJ l.j lli--s"-1 2
• 

\,•l.l•Jnl i.. •l.l•J,.I 

(10) 
To compute "exact" cross sections, one trun-

r.ates the infinite set of coupled equations by re-
stricting the number of rotational states j. in-
cluded, solves the resulting finite set of equations 
numerically using some CC method and then adds 
additional rotor states j. (and their associated z.) 
and repeats the CC calculations until the desired 
opacity functions converge to within some speci-
fied accu1·acy. The CC computations reported 
here were performed using Gordon 's mcthod1 and 
program. 1 The results are accurate but expen-
sive. 

Many simple approximate solutions of (2), such 
as the ordinary distorted-wave (OW) methods, often 

give ridiculous results for the systems considered 
here. For example, the DW u(2-0) for the Ar 
+TlF example in Sec. mis over ten times too 
large, and the DW u(4 - O) is identically zero. At 
the very least, one must have a many-state, prob-
ability-conserving approximation. One such ap-
proximation which we have previously discussed9 •10 
is the strong coupling or infinite-order sudden 
UOS) approximation, appropriate for the small J 
regions where the elements of WF dominate the 
differences in the elements of E and strongly 
couple the equations together. In tt.e IO> ap-
proximation one sets k. = k and 1. = l for all the 
strongly coupled channels. Then, the resulting 
equations can be solved exactly: Let G= Ug, where 
U is the r-independent unitary transformation-
which makes utFU= A diagonal. Then, the ele-
ments of g satisfy uncoupled equations and the re -
sultlng S matrix is9 •10 

S" = UBUt = exp(2iUJJUt) , (11) 

where 

B,.. = li,.. exp (2i1):0
) , 

and 

(12) 

(11) ... = li,.~ 1J!0 (13) 

The WKB approxim3tion for the phase shifts 11!" is 

rf/= r {[k2-(l+ ½)2/r2 .:_ V-WAn]1r.-k}dr 
'• 

-krn+½ll+½hr, {14) 

where r. is the turning point and A. an element of 
the diagonal matrix A. Thus , an N state !OS cal-
culation at a given J simply requires the diagonali-
zation of one NXN matrix F and evaluation of N 
WKB phase shilts. In the lOS computations re-
ported here, the Jacobi method was used for the 
diagonalization and a Simpson's rule numerical 
integration with increasing step size was used for 
the phase shifts. 

As we have noted previously, 10 if one expandE 
(14) in powers of An and keeps only the terms 
through fl (An), the resulting scattering matrL-.., 

(15) 

is precisely that of the familiar semiclassical 
first-order sudden (FOS) approximation. 11 Here 

1)101 = r {[k2 - (l + ½'f /r2 - V)112 -k}dr 
'o 

-kr0 +½U+½)ll', (Hi) 

and 
(lJ _ 1 ( • !V(r) 

7J --2) •o [if-(l+½f/r2-Vjmdr. (17) 

Thus, N state FOS calculations r equire evaluation 
of just two phase integrals and expansion of the 
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TABLE L Parameters used herein. llA-N: Is the reduced mass of A+ BC in atomic IDS48 units; u Is the al:r.e param-
eter of the 12-6 potential in angstroms; au and a, are the repulsive and attractive asymmetry parameLers, respectively; 
«/Ila la the depth of the potential well in •K; B' ls the rotatlonnl L-onstant of the diatomic molecule in cm-1; Elka Is the 
total relative energy av:iilable in •K; D Is the reduced well depth; B the reduced rotational constant; and k' (j = 0) the re-
ducecl total energy. 

System llA-aC <amu) a<Al au a, </kal"Kl B' (cm-1) E/ka<"K) D B k2(j= 0) Refs. 

Ar-TIF 33.89 4.62 0.50 0.30 132.5 0.22246 1344 3947.8 9.541 40 , 071 13,a 
Ar-N2 16.47 3.50 0.50 0.13 119.5 2 . 010 300 994.2 24.06 2495.9 16 
Ar-F2 19.48 3.550 0.200 0.200 115.9 0.862 300 1173. 12.55 3036 18,b 
Ar-Cl2 25.55 3.631 0.200 0.200 190.7 0.2438 300 2948. 5.423 4638 18,b 
Ar-Br2 31.96 3.837 0.200 0.200 249.8 0.08091 300 4846. 2.258 5820 18,b 
Ar-12 34.52 4.146 0.200 0.2)0 256.9 0.03736 300 6285. 1.315 73!19 18,b 

&R. K. Ritchie and H. Lew, Can. J. Phys. 43, 1701 (1965). 
Ila. Herzberg, Spectra of Diatomic Molecules (Van Nostrand Reinhold, New York, 1950), 2nd edition. 

exponential of a matrix. In this work direct ex-
pansion of (15) was found to require as many as 30 
terms for convergence. To decrease this number 
and avoid roundoff error, a Chebyshev polynomial 
contraction of the expansion was made. 

For the moderate- and weak-coupling region 
(large J) the sudden approximations are not ac-
curate. However, the number of channels lN) re-
quired in this region is quite small, so that one 
can often afford to do the CC calculations . Also, 
one could use the exponential distorted wave ap-
proximations (EDW) discussed by Levine. 12 These 
start with Eq. l2) and treat WF as the perturbation 
in an exponential perturbation method to get a 
unitary S matrix. If one uses the Born approxi-
mation as zeroth order, the resulting EBDW cal-

culations13 are easily performed. If one uses a 
distorted-wave approximation as zeroth order, 
the resulting EDWD approximation gives better 
results but is much more expensive computat ional-
ly, except in those cases in which one car evaluate 
the necessary integrals using asymptotic meth-
ods. 10,u 

The calculations reported berein were carrie~ 
out using the Rrigham Young University IBM 
360/50 a."ld 70:lO STRETCH computers. For 
typical many-state calculations the relative running 
times of the FOS :1OS: CC programs were 1: 2: 90. 

III. RESULTS 

In this section numerical results for some model 
problems are presented. 

TABLE Il. Convergence of partial cross sections as the nwnber of channels (NJ is incrClUlcd. The ncmbcrs are the 
valuee cf (2J + 1) @.,(2 -0) for Ar+ TIF calculated in the infinite order sudden (IQS) and close-coupling (CC) approxima-
lions. J Is the total angular momentum and im .. the lar:;est rotor j kept. 

1- 4 6 8 10 12 14 16 18 

,I N 9 16 25 36 49 64 81 100 Method 

0.433 0.209 0.182 0.040 0.085 0.079 0.078 0 . 078 IOS 
0 0.428 0.217 0.199 0.045 0.090 0.086 0.085 0.085 cc 

20 , 16.l 8.78 7.18 l.65 3.43 3.11 3.11 IOS 
16.0 9.11 7.49 1.81 3.55 cc 

40 22.5 17.9 12.0 2.88 5. 54 5.31 5.25 IOS 
23.0 18.4 13.6 3.40 6.10 cc 

80 0.28 26.4 3 . 37 0.89 1.60 1.42 1.42 IOS 
1.13 26.6 5.30 0.91 1.91 cc 

120 102.5 51.8 26.0 34.1 33.5 33.3 IOS 
99. 7 48.1 23.0 31.0 30.4 cc 
33.7 21.5 25.6 25.5 25.5 25.5 1a; 

160 14.2 1.84 3.40 3.17 3.16 cc 

200 2.09 2.10 2.10 2.10 IOS 
125.5 12:l.8 123.7 cc 
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9 64 49 362516 9 16 9 -N 

320 

FIG. 2. .Behavior of the 

-2'10 
dimensionless partial cross 

0 aections I (2J + 1) times the 

' opacity function <I' JI as a 
N I ' function of the tot:ll angular 

I I momentum J for the j = 0 to a...,, I I I I jc2 transUion In an Ar-TlF 
160 I I I \ collision. At the top of the ..,, I I \ figure Is the number of I I I \ 

I I ' channels N required to ob-
I I 
I I taln convergence. Solid 
I I line, 106 results; dashed 

80 I I 
I line, CC results. I 
I 
I 
I 
I 

' I 
0 

0 240 320 400 480 
J 

A. Ar+TIF 

The intermc,lecular potential used in the calcu-
lations on Ar-TIF rotationally inelastic scattering 
is that of Balint-Kurti and Levine, is who studied 
the large J (weak and moderate coupling) opacity 
fUDCtions for this system. This potential (its 
parameters are listed in Table I) treats TlF as a 
''homonuclear" diatomic and is thus a crude15 

model for this particular system, but its behavior 

240 

= 160 
· + ..,, 
N 

80 

J 

is typical of an atom-heavy homonuclear diatom 
collision. 

In this work we calculated cross sections for the 
0- 2 and 0- 4 rotationally inelastic collisions using 
the CC, 10S, and FOS approximations. Particular 
emphasis was placed on determining the dependence 
of the opacity functions on the number of channels 
(N) included and on the total angular momentum J. 
The rotational states withj = 0, 2, ... , iau were 

400 500 

FIG. 3. Comparison of 
the IOS (solid line), FOS 
(dotted line), CC (daslloo 
line), and EBDW (dot-dash 
line) dimens ionless partial 
cross sections (2J+l) <l'J 
(2-0) for TIF. 
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300 

_200 
0 

+ ,r 

c.., 

~•oo 

J 

included anl.ij.u was increased until the desired 
opacity functions converged to a value stable to 
within about 5%. For a givenimu and J~j , • .,., the 
toW number of channels (j, l combinations) is 

(18) 

For very small J (J <j _.,), N is less than this de-
creasing to N= ½Vmu+2) at J=O. 

The convergence of the opacity functions as N is 
increased was found to be very similar for the 

80 36 25 i6 
r-, , \ 

60 

20 

..... 

' I ' I 
I 
I 
I 

-N 

I • 
I 
I 

FIG. 4. Dimensionless 
partial crosa sec~loil8 (2J 
+l)G'.,(4-0) for Ar +TlF. 
The notation is the same as 
1n Fig. 3. 

FOS, IOS, and CC methods and is illustrated by 
Table II in which the IOS and CC values for (2J 
+ l)<P.,(2--0) _are given for a few J values as a func-
tion of N. One sees immediately that in the small 
J(,J! lRO in this case) region, convPrgencc is 
neither rapid nor monotonic, and as many as 64 
channels are required to obtain satisfactory con-
vergence. 

In Fig. 2 the converged (2J + 1)6'.,(2-0) obtained 
from the IOS and CC methods are plotted vs J for 
all J to allow easy comparison. At the top of the 

FIG. 5. Dimensionles& 
partial cross sections t2 J 
+ 1) (P., (2 -0) for Ar • l,7• 
The notation is the same as 
1n 'fig. 3. 
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TABLE m. Rotationally inelasUc lot.egral cross sec-
tions u(J1 -;.l for Ar+Tll .. collisions at total encrcy El 
•• = 1344 "K. The units are A 2• Also listed are the per-
cent deviations from the accur-.1tc CC value. In the mixed 
metbod.s the change from small J method to large J meth-
od was made at J=210. · 

Method 17(2-0) . % u(4-0) % 
cc 58. 9 16.4 
106 69.6 18.4 29.1 77.4 
F06 69.3 17.9 28.3 72.6 
IOtl+CC 59.0 0.3 16.5 O.G 
FOS+CC 59.0 0.3 15.5 -5.5 
l06+EBDW 59.5 1.2 18.6 13.4 
·F06+EBOW 59.5 1.2 17.5 6.7 

figure ls listed the N required for convergence. 
One sees that the IOS results are a very good 
approximation to the exact CC results for small 
J. As J increases the 10S results slowly get out 
oC phase and become, as cine might expect, con-
siderably too large in the large J, weak-coupling 
region. I' may be noted that the minimum near 
.T = 200 ls due to cancellation between the short 
and long range potentials . Scattering for J > 200 
ls dominated by the long range tail of the potential, 
and scattering for J < 200 is dominated by the short 
range repulsive potential . In the small ,1 region 
competition between many strongly coupled chan-
nels :IW'.rkedly damps the probability of a transition 
to any one channel. 

In Fig. 3 the FOS results are compared with the 
IOS results for this same 0- 2 transition; they be-
c:pme identical to the IOS results at larger J. At 
small J the FOS approximation gets out of phase 
but has about the right magnitude. Since the inte-

60 

0 

! 40 ., 
a.-, 

+ -, 20-N 

J 

gral inelastic cross section u(2-0) is proportion-
al to the area under the curve, it is clear that the 
1OS and FOS cross sections are nearly equal. Also 
plotted for large J on Fig. 3 are the CC results 
and the exponential Dorn (EBDW) results of 
Balint-Kurti and Levine.•: The EBDW approxima-
tion is better than the S'Jdden approximatious for 
large J but is known to fail completely for small 
Jin this case. u 

In Fig. 4 the convergedFOS, IOS, EBDW, and 
CC values of (2J + 1) IY J are plotted for the O - 4 
transition. The behavior is similar. 

The availability of di_fferent simple approxima-
tions valid in different J regions immediately 
suggests calculation of integral inelastic cross 
sections using one approximation for small J and 
another for large J. Accordingly, in Table m we 
present the integral inelastic cross sections cal-
culated in the CC, IOS, FOS approximations and 
several combinations in which one approximation 
is used for J < 210 and another for J ;!:210. Several 
of the simple methods are seen to give integral 
cross sections act.-urate to within a few percent. 

It is also worth noting that because of the damp-
ing and associated ismall contribution of the domi-
nant coupling (small J) r•:gion, the intei;ral cross 
sections converge much more rapidly with N than 
did the small J opacity functions (partial cross 
sections). This is illustrated by Table IV, which 
gives the integral cross sections as functions of N. 

B. Ar+N1 

Calculations of the 0-2 and 0- 4 cross sections 
were also carried out for room temperature Ar-
N2·collisior.s using the poter.tial parameters of 

80 120 

FIG. 6. Dimensionless 
partial cros« sections (2J 
+.ll <l' J (-.-OJ for Ar , N2• 

The notation ls that of Fig. 
3. 
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TABLE IV. Convergence of Integral Inelastic cross sectio!IB crl,;1 -;1) for Ar+ TlF as the 
number of chaMels (M Is Increased. The units are A2• 

Crose section Method 9 

cc 65.2 
c,(2-0) IOS 74.7 

FOS 7o.6 

cc 33.7 
crH-0) IOS 45.2 

FOS 43.0 

Pattengill, LaBudde, Bcn1stein, and Curtiss. 11 

The resulting 10S, FOS, and CC opacity functions 
are compared In Figs. 5 and 6. From the number 
al channels required for convergence [listed at the 
top of Fig. 5] one sees that this system is not so 
strongly coupled as the previous one. However, 
the depression of the partial cross sections tor 
JS 40 is a strong coupling effect. 

Althou,;h the sudden approximations are not quite 
as well justified in this system as in the previous . 
one, they still work quite well in the small J (J 
s 68 here) region. It is interesting that for J < 35, 
the FOS results °for the 0- 2 transition are b~tter 
than those of the 10S approximation, which gives 
too much dominant coupling. 

The large J region where the sudden approxima-
tions are poor contributes only a very small frac-
tion of the integral cross sections (given in Table 
V) for this system, and nothing is gained by using 

16 

62.8 
73.3 
73.7 
24.l 
38.2 
39.5 

N 

25 36 49 64 

57.3 58.8 58.9 
69.7 69.4 69.6 69.6 
68.7 69.9 69.3 69.4 

20.2 16.3 16.4 
32.2 28.3 29.1 29.0 
29.7 28.6 28.3 28.2 

one approximatior. for small J and another for large 
J. However, the IOS and FOS integral cross sec-
tions are still accurate enough to be useful. 

The eXistence and extent of the dominant coupling 
region in this problem depends very strongly on the 
repulsive asymmetry parameter a 12 wnose value is 
still uncertain . It is interesting to note that if a12 
were decreased from 0. 5 to an earlier estimate17 

of 0. 375 with the other parameters fixed, the domi-
nant coupling region disappears, and no more than 

· 16 channels are required for converg~nce at any J. 
This l.s illustrated in Fig. 7, wher.e the FOS val-
ues of (2J + l)@.,(2, 0) obtained wiU1 the two_'.values 
of a ~2 are compared_. 

C. Ar+F2• 0 2 • Br 2, and 11 

To check further the observation that in the two 
previous examples the well-known FOS approxima-
tion gives reaic:onable results for small J, even in 
dominant coupling regions, and to see how the 

eor-----.----------,-----,------.-----, 
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N 
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,-... ,, ' 
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J 

FIG. 7. Effect of the 
size of the repulsive asym-
metry parameter a 12 or. the 
FOS dimensionless part.in! 
cross sections 12J + 1) :VJ 
(2 -o) for Ar~ N2• The 
solid line Is with a 12 = 0. 5; 
the dotted line is with .,, 2 
r,0.375. 
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TABLE V. Rotationally inele.stlc integral cross sec-
tions u(J1-J,) for Ar+N2 co!Usions at total energy Elka 
•300•K. The units are A.2• Also listed are the percent 
deviatioM from the accurate CC value. 

Method 

cc 
IOS 
FOS 

rrC2-0) 

22.S 
22.3 
21.1 

-0.9 
-6. 2 

22.4 
18.8 
16.7 

-18 
-25 

number N of coupled channels required increases 
with increasing reduced mass, we calculated the 
FOS and 10S values of some inelastic cross sec-
tions on a series of model problems intended to 
represent scattering of Ar atoms by F2, Cl21 Br1 , 

and 11, respectively. The parameters of the 
spherical part of each intermolecular potential 
(see Table I) were obtained using the parameters 
and combining rules of Hirschfelder, Curtiss, and 
Blrd11 and should be fairly reasonable estimates; 
however, the asymmetry parameters were arbi-
trarily kept fixed at 0. 20. 

The resulting integral inelastic cross sections 
(in units of A.2) are presented in Table VI along 
with the maximum number of channels required 
to obtain convergence of all partial cross sections 
to within 5%. Again, the FOS results are good 
approximations to the IOS results regardless of 
the number of channels involved. 

IV. DISCUSSION AND CONCLUSIONS 

From the results of this paper, we conclude 
that the rotationally inelastic scattering problem 
is much less difficult than the large number of 
coupled rotational states would make it appear to 
be. This is due to the fact that the region where 
large numbers of states are strongly coupled and 
competing makes a small contribution to the in-
elastic cross sections and can hence be safely 
treated with rather simple approximations . In 
particular, the IOS and the well-known FOS ap-
·proximation provide compatationally easy ways 
of obtaining rather good small J partial cross 
sections for rotationally inelastic collisions of heavy 
diatomic molecules . For systems in which the 
large J (weak-coupling long-range) region gives 
a large contribution to the integral cross section, 
one can calculate reliable cross sections econom-
ically using a sudden approximation at small J and 
a CC or EBDW method in the large J region where 
only a few channels are needed. 

The major reason for our present Interest In 
the FOS approximation, since the 10S method is 
already computationally very simple, is that the 
FOS method is easily applied to potentials more 

TABLE VI. Integral inelastic croas sections alj1 -J,) 
(in A.2) for room temperature collisions ot Ar with F 2• 

Cl2, Br2• and ~. 

System Approx. N r,(2-0) rr(4-0) 

Ar+F2 FOO 25 55.72 17.23 
Ar+Fz 105 51.29 17.03 

Ar +Cl2 FOO 38 · 55.15 38.38 
Ar+Cl2 IOS 55.72 38.39 
Ar+Br2 FOS 36 44.38 35.26 
Ar+Brz 105 46.40 34.15 

Ar+l2 FOS 64 51.91 34.14 
Ar+l2 105 51.44 31.93 

general than that used here. For example, the 
FOS approximation can be applied to potentials of 
the form 

U(r', 8)= f Un(r;)Pn(cosB) 
... o 

(19) 

by direct generalization of Eqs. (15) and (17). As 
formulated herein, the IOS approximation cannot· 
be used for such a potential unless U0 (r')o. U,.lr' ) 
for a.11 n, m >O. However, as this work was being 
completed, it was discovered19 that by usini: Lody-
fixed coordinate axes a drastic simplification can 
always be achieved via an 10S approximation, re-
gardless of the form of the potential. Further-
more, this approach will also produce a marked 
increase in the computation speed of both the 
sudden approximations. Research along this line 
will be reported in a subsequent paper . 19 
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CALCULATION OF I\IOLECULE--MOLECULE INTERMOLECULAR POTENTIALS 
USING ELECTRON GAS METHODS* 

Gregory A. PARKER. Richard L. SNOW and Russell T PACK 0 

Department of01emistr_v, Brigham Young University, Provo, Utah 84602, USA 

Received 4 April 1975 

A procedure for extending electron µs calculation, to molecule-molecule interactions is presented which allow, rapid 
determination of the dependence of intermolecular potentials on all vibration and rotation coordinates. Results for Ill' - HF 
agn:e well with accurate SCF calculations. 

I. Introduction 

There is currently much interest in the calculation 
of intermolecular potentials between closed shell sys-
tems using ti, .. eiectron gas methods developed by Gay-
daenko and Nikulin ( I J, and Gordon and Kim (2]. 
and modified by Rae [3], and Cohen and Pack (4] . 
These methods have been use<l successfu!ly t<i calcu-
late the interaction energies of many pairs ( 1--5] of 
closed shell atoms or atomic ions. The method has 
also been applied to atom - molecule interactions by 
Kim (6) and by Green and Gordon. whose computer 
program is available through QCPE [7). They have 
used it to determine the angle and distance <lependence 
oftheAr-N2 {6],Ar-HCl [8],He HCN [9],Hc-CO 
[10], and He--H2CO ( I 1) interactions. We I 12) have 
also programmed the method and used it to calculate 
the angle and distance dependence of lie H2 . He-CO2, 
Ar-CO2, noble-gas - CO, and noble-gas- HF interac-
·tions and the angle, vibrational coordinate, and dis-
tance dependence of the Ar-CO and Ar--HF interac-
tions. All results to date are very encouraging. and the 
agreement with available experimental and ab initio 
data is very good, considering the simplicity of the 

• Re=rch supported in part by the U.S. Atomic Enrri:y 
C'ommission and the University of Colifornia Lo~ Alamos 
Scientific Laboratory throu~h Subcontract No. XP5-
72SS4. 

•• Pres.:nt address : Group T-6. Los Alamos Scientific Labora· 
tory, Los Alamos. New Mexico 87544, USA. 

method. 
In this letter we show how to extend the cah:ula-

tion of electron gas intermolecular potentials to mule-
cu/e-mulecule interactions without loss of speed or 
accuracy. We apply it to HF • HF int.:ractions as Jn ex-
ample and compare results with the a.:curate SCF cal-
culations of Yarkony et al. I 13 I. 

2. Method of calculation 

We now sketch the method used to calculate mole-
cule-- molecule interactions; detail~ are given elsewhere 
[I 2] • r 

In the ele•;tron gas mode! the intermolecula1 poten-
tial energy is the sum of Coulomb, kinetic , exchange 
and correlation contributions ( 2,4) . The kinetic . ex-
change . and conelatior. terms are cxpr~s~c<l as three-
dimensional integrals over functions of the electron 
density , and the Coulomh energ:r is a six-dimcnsior.al 
integral over the electron densities of the two mole-
cules. \\11cn one of the species is an atom whose wave-
function is written in terms of a hasis set t>f Slater or-
bitals, the electrostatic potential due to the atom can 
be evaluated analytically. This rc<lu..:cs the Coule;mh 
integral to three dimensions. so that in the atom mol-
ecule programs (7, 12 I all the terms arc ubtaine<l via a 
three-uimensional 11111nerical in1ei,:rat1on. lluwcvcr. in 
the molecule -- moleculc c-ase. the electrostatic potential 
due to a molecuk cannot he evalualcd analytically . 

399 
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and the direct extension of the atom-molecule meth-
od leads either to a six-dimensional numerical integra-
tion, or; if the charge densities are expanded in orbi-
tals, to all the multicenter Coulomb integrals encoun-
tered in the u~ual ab initio methods. Either of these 
approaches makes the method so much more expen-
sive computationally as to leave it little advantage over 
the more accurate rigorous ab initio methods. 

Our solution to this problem is to expand the 
charge density, Pe, of one of the molecules (B), not in 
terms of products of molecular orbitals which are then 
expanded in basis functions, but directly in a basis of 
Slater orbitals•, 

ne 
Pe "'Pe= ~a;x;- (I) 

' 
The a; are determined by an ordinary linear least 
squares method except that (p e - p B )2 / P1 = 
(i,8 /Pe - 1)2 rather than (Pe - Pe>2 is minimized to 
provide a good fit to the tail of the charge distribution 
(important in calculating interactions at large intermo-
lecular distancesj. The fit is improved by taking Slater 
orbitals, X, centered between, as well as on the nuclei 
of molecule B. lf the charge densities of both mole-
cules (A and B) are thus expanded, one can rapidly 
evaluate the Coulomb energy by doing only nA11B 
two-center type integrals all of which can be done 
using standard integral programs (14]. However, one 
can also now evaluate the electrostatic potential (4>8 ) 
due to B analytically, via 

<l>9(r1) = I Pa(r2Vi.i dr2 . (2) 

Then, in atomic units the Coulomb interaction energy 
takes the form 

(3) 

• Gaussian basis functions were also tried , bur that required a 
large number of functions with small orbital exponen ts to 
fit the tail of distribution . This is also a problem when gaus-
sian basis SCF wav~functions arc used for input. 

400 

where the sums are over the nuclei Qin A and~ in B. 
Here / 0 = Z0 /N A, where NA is given by 

NA= JPA(r1)dr1. (4) 

The second and fourth terms in the bracket in (3) are 
constant; they are kept there in that form to achieve 
maximum cancellation of quadrature errors. Since a 
three-dimensional quadrature was already required for 
the exchange, etc. , energies. it turned out to be faster 
in practice to use (2) and (3) and get the Coulomb en-
ergy together with the other energies than to evaluate 
it using a standard two-center integral p1ogram [ 14). 

A FORTRAN program to carry out the above calcu-
lation has been written [ I 2 J and will be submitted to 
QCPE; some of the procedures in it are as follows : All 
integration points lying outside a large ellipsoid con-
taining both molecules are bypassed. Integration over 
the half-ellipsoid closest to A (B) is done using spheri-
cal-polar coordinates centered on A (B). Use cif two 
coordinate systems allows the quadrature points to be 
chosen to handle accurately the pea.king of PA and <l>8 
near the nuclei of A and B. respectively. Each of the 
two coordinate svstems rotates with its molecule. so 
that <t>8 , pY3 and p f3 can be calculated and tabulat-
ed at each of the quadrature points before the integra-
tion begins and used to construct the whole potential 
energy surface, being changed only when vibrational 
coordinates are changed . The two half-space quadrat-
ures are done simultaneously. and at each step of the 
quadrature on A (B) the function s of PA (p 11 ) needed 
are obtained directly from the tables while those of 
p8(pA) are obtained from low order Lagrange inter-
polation. Although the truncation of each of the two 
quadratures at the boundary between the half-ellip-
soids is not an optimum procedure , the errors in the 
two halves seem to cancel each other, and the proce-
dure is much faster and more accurate than any of 
several other approaches that were tried . In practice 
all the energy terms (Coulomb , exchange, etc.) were 
obtained accurate to within about 1% at all intermolec-
ular distances using 24 to 40 point Gauss- Legendre 
quadratures for the ~I and x = cos O I inl~grations and 
a total of 32 to 40 points for the radial integration 
which was split up into several small. piecewicc Gauss 
Legendre quadratures with the fir st few intervals end-
ing at the nuclei of A (D) . 
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Fig. 1. The coordinates R, 6A,tf>A, Ba for the interaction~ 
tween two linear molecules. 

3. Results and discussion for HF-HF interactions 

As an example, the interaction energy of two hy-
drogen fluoride (HF) molecules was calculated at a 
number of intermolecular distances and angles. Al-
though HF is a closed-shell molecule, this system has 
strong hydrogen bonding interactions and is not an 
ideal system for use of the election gas model. which 
allows no adjustment of the charge densities due to 
the interaction. It was chosen simply because accurate 
SCF calculations [131 were available for comparison. 
The calculations were carried out as described above 
using the SCF wavefunctions for HF of McLean and 
Yoshimine (1 SJ; each point on the potential energy 
surface required only 1-· 2 minutes using an IBM 7030 
computer. (This is about 1--2 min/point on an IBM 
360/65 or 2-4 s/point on a CDC 7600.) A few repre-
sentative results are presented in figs. 2-5 using the 
usual [16) intermolecular coordinates shown in fig. I 
rather than the highly redundant coordinates used by 
Yarkony et al. (13). Because true SCF results contain 
induction but not dispersion effects a rough estimate 
of the leading terms of the long range induction ( IND) 
energy (17) was added to the "SCF" part (i.e .. omit-
ting the correlation terms) of the electron gas results 
to provide comparable quantities. One secs that for 
most distances and angles the results are just as good 
as for atom-atom interactions [2.41 and certainly 
good enough to encourage use of the m~thod for larger 
systems where SCF results are expensive and unavail-
able. Electron gas results both with (GKR) and with-
out (GK) use of the Rae (3) exchange correction are 
given; for this system results without the correction. 
i.e., allowing more exchange interaction, are dearly 

i'ji 
• E /"" 

I 

O.Of-

HF-HF 

--SCF 
- ··-··GK 
- · -·· GKR 
· ·····- ·GK+ IND 
--- GKR+IND 

0 ES+ IND 

j 
! 
' 

! 
I 

-:1 

Fig. 2. Comparison of SCF and electron i:as results fnr the in-
teraction energy (in kcal!niol~),of two 1IF molecules with "'A 
=BA= Ba= 0. The solid line ~ives the Ser- results of ref. f 13) : 
the dash - double dot line is the un111odified electron gas IGK) 
scr estimate; the dash-dot line is the fGKRJ modified srr 
estimate; the dotted line is GK plus induction: the dashed Jin,, 
is GKR plus induction; and the c11clcd dots arc the long-range 
electrostatic plus induction enCf!!Y. 

superior :md truly remarkahly good for mosl angles. 
This behavior is op:-,ositc that observed in the isoelec-
tronic Ne- -Ne interaction (4) . Also plotted in the fig-
ures are the estimates of the long range R - 1 expan-
sion [17] of the electrostatic (ES) plus induction (IND) 
energies : one sees that the other l!nergies arc slowly 
converging toward the asymptotic result; at the largest 
distances shown on the plots. 

The electron gas model dues not contain all the in-
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0 
0 

F_.,__H H---e-f 
I II I 

"'-"' .... , .. -o ,. ... 
--SCF 
·-··•·· IND 
---

o IND 

30 4.0 5.0 6.0 1.0 
Rl11.u. ) 

0 

8.0 

Fig. 3. HF-HF interaction withq,A =BA= 0, BB= ,r. The no-
tation is that of fig. 2. 

HF-Hf 

•.-o , .. ,.. t 
--SCF 
···-· ·· GK+ IND 
--- GKA+tNO 

o IND 

0-'"--=3..,_.0_4.,._0~~5"'.o __ _,,60~~ io - - 80-
R{o.u.l _ 

Fig. 4. HF-HF interaction with 4>A = 0, BA= Be ;; ,r/2. The 
notation is that of fig . 2. 
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> 

-- SCF 
··-··- GK + IND 
--· 

o IND 

1 
-1.oL-_,L,--.L,,-_,.,,___,.,,___,-L---_~___,I 

3.0 4.0 5.0 6.0 7.0 8.0 
R(a.u.) 

Fig. 5 . HF-HF interaction with ~A= 8 A= Be= ,ri 2. The no-
tation is that of fig. 2. 

duction and charge transfer effects present in the SCF 
calculation and thus fails to accurately describe tl-ie hy-
drogen bonding region shown in fig . 2. Results in fig . 
2 with and without !he addition of the leading terms 
of the long-range induction energy show that it helps 
considerably; inclusion of more long-range induction 
terms (18] would make agreement a little better. so 
that one can thus get most but not all of the attractive 
well. 

Thus, we conclude that the present method , which 
is directly applicable to polyatomic- polyatomic sys-
tems as well , allows rapid construction of a good rep-
resentation of the repulsive wall of intennolecular po• 
tentials. We expect that upon inclusion of van der 
Waals or correlation con:ributions [4] one c~n readily 
produce whole potential energy surfaces accurate 
enough to be extremely useful in calculations of 
V ,T ,R -. V ,T ,R energy transfer in molecular colli -
sions. Calculations o f potential energy surfaces con-
taining vibrational as well as rotat ional coo rd mate de -
pendence are in progress for HF -- HF. CO-- CO. and 
other systems [ 12 I . 
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APPENDIX C 

MOLMOL: POTENTIAL ENERGY SURFACES FOR THE 
INTERACTION OF TWO LINEAR MOLECULES. 

91 

(Description of program MOLt.OL. See Gregory A. Parker, Richard L. Snow 
and Russell T Pack, Program No. 305 (1976), Quantwn Chemistry Program 
Exchange, University of Indiana, Bloomington, Indiana 47401.) 
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QCPE - - --

l-lain Entries: 

Other Entries: 

Abstract: 

MOLMOL: POTENTIAL ENERGY SURFACES FOR 
THE INTERACTION OF T\\'O 

LINEAR MOLECULES. 

LMOLMO (Calculates the intermolecular potential) 
SI.A.FIT (Fits the electro~ density with a linear com-
bination of Slater basis functions) 

None 

SLAFIT uses a linear least squares method to fit 
the electron density of a linear molecule with a 
linear combination of Slater orbitals. LMOLMO uses 
the output of SLAFIT and rapidly calculates the 
interaction energy between two closed shell linear 
molecules using the electron gas model. The numerical 
methods and notation used are those of G. A. Parker, 
R. L. Snow, and R. T Pack, Chem. Phys. Lett. 33, 599 
(1975). The electron gas method is that of V. I. 
Gaydaekno and V. K. Nikulin, Chem. Phys. Lett. 2 
360 (1970); R. G. Gordon and Y. s. Kim, J. Chem-:-
Phys. ~. 3122 (1972); A. L M. Rae, Chem. Phys. 
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Lett. 18, 574 (1973); and J. S. Cohen· and R. T Pack, 
J. Chem. Phys. 61, 2372 (1974). The present program 
can be extendedin a straightforward way to the calculation 
of polyatomic-polyatomic interactions with little 
loss of speed. Such an extension is planned and will 
be sent to QCPE when complete. 

Language: FORTRAN IV 

Hardware: IBM 7030 STRETCH, CDC 7600, PDP-15 

Library Routines: ALOG, ARCOS, COS, DATE, EXP, SECOND, SIN, SQRT, TIME 

Common Storage: 

Accuracy: 

BASE, BLKl-BLKll 

Single precision floating point operations are used 
throughout. About 3 significant figures are usually 
obtained when the number of r, 8, and~ integration 
points used are, respectively, NRA= 32-40, NTA = 24-40, 
and NPA = 24-40. Hcwever, convergence with increasing 
numbers of integration points should he carefully 
checked at several distances and angles for each new 
pair of molecules. 

Input Parameters: The input parameters are descrihed in the comr.lcnt 
cards in subroutines U.'.OLMO, ELCPOT, SLATE, RHOMOL. 
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Example: 

Running time: 

Subroutines: 

Authors: 

Acknowledgment: 

Sample test data sets and a sample main program which 
runs U.IOLMO and SLAFIT independently are included. 
The results can be compared with the sample output. 

SLAFIT requires about 100 sec of CDC 7600 CP time. 
U-fOLMO requires only about 2. 5 sec of CDC 7600 time 
per point on the potential energy surface. 

Subroutines EG, ELCPOT, PFUNC, HOMENT, PN, QUAD3, SELFX, 
and SLATE are used only by LMOLMO. Subroutines DOT, 
F, LINEQ, LSTSQ, :md VECSUM are used only by SLAFIT. 
Subroutines GLEGEN, RHOMOL, PLM, and REP are used by 
both. U-IOLMO and SLAFIT and their associated subroutines 
can be compiled and run ·as separate.programs or 
overlaid if cne wishes to decrease core storage required. 

G. A. Parker*, R. L. Snow and R. T Pack*, Department· 
of Chemistry, Brigham Young University, Provo, Utah, 
84602. (*Present address (1975): Group T-6, Los 
Alamos Scientific Laboratory, Los Alamos, New Mexico 
87545) Additional information, flow charts, etc. 
can be obtained from G. A. · Parker. · 

Work supported in part by the USERDA. 
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Subroutine Page 
LMOLMO. . 97 
EG. . . . . 104 
ELCPOT. . . 105 
MOMENT. 108 
PFUNC . . . . 110 
PN. • . . . 112 
QUAD3 113 
SELFX . . . 121 
SLATE . . . . . . . . . 122 
SLAFIT. . . . . 126 
DOT 131 
F . . 0 132 
LINEQ . • . 133 
LSTSQ . . 136 
VECSUM. . . 138 
GLEGEN. . . 140 
PLM 168 
REP . . . 170 
RHOMOL. 171 

Test calculation 
HF-HF intermolecular potential 176 
Electorn density fit to the HF molecule •' . . . . 186 
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Listing of LMOLMO and the subroutine that are only used by 
LIDLMO: EG, ELCPOT, PFUNC, IDMENT, PN, QUAD3, SELFX, and SLATE. 
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C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
i: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C ·c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0 PAPKfRZi!UR 

SUBROUTINE L~OL"O 

DI~f1,5 YO"' 
1 

COSPA('lf,) 
COST!'('lb) 
COHZ('tf,) 
ron,Rtci1,,91,) 
RArH(<;o) 
SJ'IPAPo) 
»:P('I!,) 
2'1UCA15) 
ZPr.SP.(5) 
f.Lt'Ell8(51,G0) 

,COSTA('it,) 
,COSPl('I'>) 
,niSTCZP) 
,NillJ(Z0l 
,1>AOR('1t,) 
,Sl'iTA('ll>) 
, ~" ( '11), 

,PCHN8('31,H) 
,cc.n1t9bl 
,FLDE"•!Sl,110) 
, PCT NH C 'lb, 'lo) 

. ,RUZ0) 

z 
l 
A 
5 
I, 

7 
II 
9 

, l"'UC!i(Sl 
,CCSTPCS) 

, 
, WT (9t,) 
,ZPOSA('J) 
,Rl'OS(5) 

, £ DENA C 'lt>, 91,) 

PURPOSE 
CALCULATE THE lNTlRHOLECULAR POTfNTJAL BtTWEEN TWO CLOSED• 
SH!LL LlNlA~ ~OLfCULES, 

DATA TO 8f P.lAD IN 
TlTLE fl I IN COLU~N I fOLLO-ED BY THE TITLE) 

CARD Z 
"'C!ST•NU~Pt~ OF DIST,~CES 
"PHJl•NUH~IR OF P~ll ANGLES 
~THFTl•' U~6f R OF THETI ANGLES 
hTHET2-~U~RFR or THfTZ -NGLES 
!Of.NT=! !f T>-!f ~OLf.CULES ARE lDE"'TICAL 

••• NOTE • I• THf HOLECULES A~E IDENTICAL RE~OVE THE 
CO~HEllT ON LHOL~01,8 l~D LHOL00b9 Jf 
~Av) ~GS !h COi>( ~TO~• GE l~ Dl~I~ED••• 

~•Sf:I Ir lHE COSINE OF THE ANGLES PH1!,T~ET1,THET2 &Rt TO 
K&~l:~ ~E REAO 
NCASE:t rr THE WAVE FUNCTION B~StS SET ts TO BE USED FOR 

,roLECU:..t •• 
CAP.D 3 

OJST•O?STANCES lT WHICH THE POTENTJlL IS TO BE CALCULATED AT 
CARO 4 

OF RADIAL INTERPOLATION PO!NTS 0 
'iT8•1,jU•9[~ OF ANGULtR INTERPOLATION POINTS 
P.»l~•MAllMU~ O!STANC[ FOR lNTf~POLATION 
B•SE~l ~AJO? AIJS OF THE ELLIPSE 
R,EGN•FIRS1 RADIAL PO?NT rOR E0Ul0!STANT INTlRPOLATJON 

CtR, 5 
OF TH[!A lNTEG~ATION POINTS 
~F PHI JNTEG~AT!ON POINTS 

N~rs-~u~~ER or S[CTJD'iS FOR THf ~AOlAL INT£GRATJ0NS 
CIRO b 

NRIJ•NUMBfR CF RADIAL lNTEGRATJON POINTS IN EACH SECTION 
CIRO T 

RE•ENDING POINTS FOR THf ~ADIAL INTEGRATION 
CARO 

lSTD•STlRl Jt; (; 
JS" I •S1 A~T I ~•r. 
!STl•S~U,TJNr. 

CARD 9 

PARAMETER FOR THE 
~•~AMrTf~ ro~ THE 
P~RIMITll! fOR THE 
PARA~ETER roR THE 

DI STANCH 
PHJ I ANGUS 
Tl'ETI A"'GLtS 
TH[Ti! ANGLES 

PAC[ Ng, l 

LHO 
Ll'D 
Ll'D 
LHO 
LHO 
LHO 
LHO 
LHO 
LMO 
LMO 
Ll'IO 
1,.HO 
LHO 
L"O 
LHO 
v•o 
LP'O 
Ll-lO 
L!oiO 
L~O 
Ll'O 
LHO 
LHO 
1,HO 
LHO 
L"O 
1,.HO 
I.HO 
LP'C 
LHC 
L~O 
LMO 
LHD 
LMO 
l."0 
LHO 
LHO 
LHO 
LHO 
LHO 
LMO 
LHO 
LMC 
LHO 
LHO 
L~O 
Ll'O 
LP'O 
L"O 
LHO 
LHO 
L"O 
LHO 
LHO 
LHO 

97 

z 
J • 5 • T 
I 

' u 
II 
12 
l3 
Ill 
15 
a 
17 
111 
1' ze 
21 
22 
Zl 
z• 
25 
ZI> z, 
21 z, 
!i 
11 
li! 
l3 
311 
35 
31> 
l? 
39 
39 
41! 
11• 
112 
113 
.:ia 
45 
1111 
117 
118 
11, 
51! 
51 
52 
53 
511 
55 
51> 
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2 

Q 

10 
';2 
QI 
57 
71 

1 Pi! 
11"7 
123 

113 
131 
14l 
101 
151 
lbB 
lb7 

C 
C 
C 
C 
C 
t 
C 
C 
C 

C 
C 

C 
e 

C 
e 
C 
C 

C 
C 

C 
C 
C 
C 
C 

·c 
C 

C 
C 
C 
C 
C 

0 L,.OLHO 1bl011/0q 

NfL£CA•NUHBfR OF ELECTRONS IN HOLECULE•A 
llfLECR•'Hit'l!F'II OF f.LECTPONS JI.I HOLECUU•B 

CARO 10 (nPTJONAL) 
COSP!•COSI~E OF THE PHlt ANCL~S 

CARD It (O?TIONAL) 
cnn1-~nSJNf l"!F' Tit[ T'l!'.TI ANGLE& 

CARO t? (OPTJONAL) 
COSTZ•CGSINf OJ THE THtT2 ANGLES 

E0U?YALEN~E CELDfNACt,ll,ELDENB(t,1)) 
E0UlYALfNCE (f.OlNA(l,tl,EOEI.IB(l,t)) 

DATA TWO?llb,2~31853~718q&/ 
DATA PJ/\,IUl~q?&S358qe/ 
DATA Pl21l 1 5707qb32b7qaq/ 

A SYST~H CLDC~ suaROUTINE 

STOT:3,A 
CALL SECONOCSECI) 

i>f1D(5,2G0) 
~f•~<~,l7~l ND iST,4?~ll,~Tk!lt,NT~ET2,IOfNT,KASE,NCASE 
Rf.LOC'i, I 'l-1) (~•lSf (1,A), ••~=t,..::)tST) 
AfADr'i,J3r,)~A B,NTb,RMJX,B,RafCN 
?fAC(S,3701NTA,NPA 1 NRIS 
RfADCS,J1~l(~RIJCJl,J~t,~RtS) 
RlAO(S,lq~\IAf CJ),Jat,NRIS) 
A£A0(5,~7~lI~Tr.,ISPJ,ISTt,ISTZ 
~ELD(5,J7r.)NtLECA,NELECB 

PARK[llli!UII 

DETERMfNE THE ANGLES •T WHICH THE 
tNTERHDLECULAR POT[NTJAL WILL BE 
CALCULATED AT• 

CALL CLEG[N(HTHET2,CDST2,WT,•t,r,t,e) 
ClLL GLEGr.~(1,l'nII ,cr.SPl,'IIT,•1,0, t,e, 
CALL GLf.GE~(~THETl,COSTJ,WT,•1 1 0,l,el 
lF(k&SE,Nt,:)GO TO 10 
READ('>, Jq"'l(COSPJ(Jl,J•l,NPHJI) 
kfA0(5,:q~J(CCSTIC~),K•l,~THfTI) 
KfADIS,Jq0)(COST2CL),L:t,NTHET2) 

C,LCULATE THE ANGLES ANO TH[ RADIAL 
DIST&NCFS F~R THE EQUIDISTANT 
TAHULATION OF THE ELECTRON 

LMO 
LMO 
LMO 
LHO 
Ll'O 
LMD 
Ll'O 
LMO 
LMO 
LMO 
LMO 
LMO 
LMO 
L"O 
LHO 
L"D 
LHO 
L"IO 
Ll'<O 
LHO 
LHO 
LHO 
L!'!O 
LMD 
L"ID 
Ll'O 
L"O 
LMO 
L"40 
Ll'O 
1,.lo!O 
L"D 
LHO 
!."10 
LHC 
LMD 
LMO 
LMO 
LHO 
L"O 
LIIO 
LMO 
LMO 
LPIO 
LMO 
L,-.O 
LMD 
L"D 
LMO 
LHO 
L"'n 
U•O 
LMO 
L"'C! 
LMO 

98 

51 
58 
59 
u 
fll 
fll u 
u 
b5 
C,f, 
u 
68 
&9 
78 
11 
1Z 
n 
711 
15 ,. 
71 
18 
19 
81 
u u 
&J 
811 
es 
ec, 
n 
811 e• 
98 
•s u 
q3 
qa 
q5 
qc, ., 
u •• !Be 

1e1 
iez 
lllJ 
tea 
us 
th 
1111 
tee 
trt 
l lB 
I ti 
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99 

0 lf10t.MC 71>/11111/09 PARk[RZ?.LJA 

C OfNSTIIll ANO THE £LECTROSTATIC POT[NTl&L, LMD Iii 
C Lr.O 113 
C LMO 111 

11b 10 OfL1ATc2 0 1!/FLOAT(NTB•I) LMO IIS 
202 00 20 NT: I, NT B Ll'O Ii' 
21113 COSTR(NT):FLOAT(NT•ll•OlLTAT•l,e I.HO 117 
21117 2111 SINTB(NT):SQRT(t,e-c~STB(NT)•C03T&(NT)) LMD 118 
220 L~D lt• 
22b ;;[("IRJS)•IILAST Ll'O ua 
Zi/b R['IO:'l'IH+R I.MO 121 
22b OELTAR:(ll[NO•Re.[GN)/FLDAT(NRB•l) LMO 122 
2!b 00 ll' Nlh: I, NRB 1,.140 Ill 
21111 30 LM0 12A 

C LHO lZS 
C LMO Ub 
C FORM TM[ tNTEGRATION POINTS, LMO 127 
C L'40 128 
C LMO 129 

2117 NRU8 LMO lJI! 
2117 Rl[:1'1~0 LMO 131 
.?53 00 GP. J• I, NRIS LMD U2 
253 LMO 133 
253 •,11as1.1a+NRIJCJ, L"O 130 
25b CALL GLfGENC~RIJCJ),R(Ol(NRJPt),WR(NRJPll,RtE,RECJ)) L"0 135 
21>2 111' lil£=11E(J) Lr.O 1311 
Zbb ~C 5'1 NR=l,~Ri Llo!O 137 
2711 5r, ~R!NR):•R(NR)•?lDA(NQ)•RAOA(NR) LMO 1]8 
27b CAlL r.tEGEN(NTA,COSU,WT,•t,8,l~0) LMO Jl9 
31'12 DO b" Nhl,'-IH LMO IAi! 
3111U t,r, SJNTl(NT):SQQT(l,0•COSTA(NT)•COSTl(NT)) LMO 101 
]lb CALL CLEGf'l(NPl,COSPA,"P,e,e,Twb,1, LMO lAZ 
321 00 i0 NP:\,NPA LMO 1113 
32'.; SlNPl(NP):Slt<(COSPA(NP)) LMO lU 
327 70 COSPA(NP)cCOS(COSPA(NP)) LMO IOS 

C LMO t•• 
C LMO 141 
t STORE THE ELtCTRO'I DENSITIES OF Ll(O 1118 
C THE "CLECULES ANO THE ELECTROSTATIC LMO 149 
C POTENTIAL or MOLECLJLE•8, LHO 151 
C LMO 151 

3lb IFIJOENT,EQ,t)GO TO 1011 L'40 152 
3<1e, IF (NC&Sf 0 f.Q, I )GO TO 80 LMO 153 
3111 CALL SLAT(!COSTA,ELOtNA,NNUCA,Nlll,NTA,RACA,StNTA,ZNUCA,ZPOSA,1) LMO 154 
!53 C4LL SLATE(COST8,EDENl ,NNUCA~NR8,NTP,RAO~,SINTB,ZNUCA,ZPOSA,l) LMD 155 
HS GO To 'IP. L!'!O 1511 
lbb CALL RHD~OLICCSTA,ELDfNA,Nt<UCA,NRl,NTA 1 RAOl,SINTA,ZNUCA,ZPOSA,t) LMO 151 
401 CALL RHO~OL(COSTB, !OfNA,NNUCA,NQe,NTB,RAO~,SJNTB,ZNUCl,ZPCSA,0) L"0 158 
41} '10 CALL ~OHENT(CDSTA ,ELDtNA,~ELECl,NNUCA ,NRA ,NTA ,RAOA LMO 15• 

I S!~TA ,~T ,ZPO~A ,ZNUCA) LNO 1111 
Ill~ 10A C&LL ELCPOT(CPSTA ,COSTP ,tLDENB,ELDENA,NNUC3 ,NRA ,NTA LMO t•I 

I POT["5,RADA ,ni>cs ,SI'ITA ,ZNUCe ,ZPOSB ,1 LMO IIIZ 
2 J~f.N! LMO U3 

G50 CALL [LCPOT(COSTA ,COSTP ,EDf~~ ,EO!N& ,NNUC8 ,NRB ,~TB LMO t•4 
I l'OINB ,R&Dfi ,~POS ,SJNTB ,Z,.,UC!! ,ZPO:lB ,e LMO US 
l !DE"-T ) LMO IH 
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100 

IIUN•tGl7 0 LMOLHO 111/GIII/H lll'.U,n PUKEIIZZU~ PAGE !,0 0 II 

llb1 1rctD[NT,NE.l)CO TO 128 L"•O U'J 
171 NNUCh!,NUCB LMO IU 
1173 DO 1111 JA:l,NCENB LMO 16' 
51!11 ZNUCA(IA)aZNUCR(IA) LMO 171! 
5111 I I A ZPOSAITA)aZP~Sij(JA) LHO I T1 se~ 121!1 CALL HOH[NT(COSTA ,ELDENR,N!LECll,NNUCII 1 liRA ,NU ,RADA I.MO 111 

I SlNlA ,WP ,Wf ,ZPOSB ,Zl<UCII ) LMO lTJ 
C LMO 17• 
C I.MO 175 
C CAI.CULATf T~E SEL' [)!CHANG£ LMO lU 
C ENERGY CORRECTION L!o!O IH 
C I.MO 111 
C I.MO 17'9 

521 NELf.CT:NELECA+NELEC8 I.HO 11111 
523 CALL SELFXCNELECT,SEL'> I.MO 181 

t I.HO uz 
C A SYSTE~ CLOCK SUBROUTJNE I.HO sn 
C I.HO 184 

525 CALL SECONO(SEC) 1,HO 185 
530 SFC=SEC•SECI I.HO su 
530 I.HO 187 

C I.MO 188 
C LMO 18' 

SH CALL OATECTOOAY) I.MO l'JI 
5311 CALL TJME (lYME) I.MO 1"1 
53b ~RITE(b,2111!1) I.HO l 92 
5112 RRlTE(b,251')TODAY I.HO sn 
551' ~QITE(b,2~0)TYHE I.HO 1 •111 
55b 1f(IOfNT,ta,::~RITfC~,J110) LHO ns 
51,11 ~RITl(b,5!0)~DlST I.HO n• 
57? wRITf(b,ZQ~)IOJST(NR),NRat,NDIST) LMO 197 
b.ll ~~!TE(~,5?P)NrM?I I.HO 199 
bl'1 ~RITEC~,ZQV)(CO~Pl(NT),NT•l,NPHll) I.MO 19" 
bib ~RITftb,530l~T~fTI LHO 2eie 
b2Q wqITf(b,~qP)(COSTl(NT),NTc1,NTHETZ) I.MO Hl e.n WRITE1b,5Q0)NTHET2 LNO z9z 
bU I ~RITE(b,2q~)(COST2CNT),NTct,NTHETZ) I.HO lll3 
1,5p. WRITE(b,2110) I.MO zea 
b'5U WRlTE(b,25V.)TODAY LNO 285 
1,1,2 WRITE(b,2b0)TYHE l.'40 21!!1, 
t,70 WR!lEC6,5t,P)NRR LHO H'J 
1,71, •RITE(&,290)(~A08(NA),NR~1,NPB) ~"o 208 
7ei5 wQ!Tflb,SS~l"ITB LMO zn 
713 WRITE(b,20~)(CnST8(NT),NTst,NT8) 1,110 Zll 
722 ~RtTf(b,57l)NRII LNO Zll 
730 ZEl>O:3 0 0 I.HO Zl2 
HI WRITE<&, t<lli')ZERO I.NO ZlJ 
737 wRtTE(b,?~0)(NqlJ(J),RECJ),J:t,NRlS) I.HO 214 
7'55 •R?TEC6,561ll~IIA I.HO ZlS 
7r-l LHO za 
772 >1RITE.1t,,5ql')NTA LP'O 21' 

! i11!l0 NR!Tl(b,?9e)CCCSTACNT),NTJ1,NTA) l.'4O 218 
I l'!!! ~RITE!&, b0(•)P<PA 1.'40 219 
ltl5 WRJTE(b,Z9~)(COSPA!NP),NPat,NPA) l MO 2H 
1024 WRITf(b,blelNELEC& I.MO lll 
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1032 
10111'1 
1110 

1111'52 
Ifill 

1051> 
llllb0 
10&1 
llllftl 

1071 
1073 
10711 
1071, 

11011 
11111;, 
111! 7 
1111 

1117 

1120 

1200 
120,; 
121'15 
12;,i5 
1205 

RUN•l01 0 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 

C 
e 

MRtTE(b,b20)N£LEC8 
WR l Tl ( 210) Ste 
o!RITE(b, 1811) 

A Dri LCOP FOR T~E RAOJAL OJSTANCEI 

DO 17~ J•JSTD,NDJ8T 
R•DlST( Il 

A DO LOOP FO~ THE PHIi ANGLES 

DO 1~0 J&tSPl,NPHII 
CF Ml \cCOSPI CJ) 
PM!lsARCOS(CPMtl) 
SP~lt:rSORTCl,P.•CPHJJ•CPHll) 

A DO LOOP FOR THE ~HET1 ANGLES 

00 l'SA ~•JST1,NTHfT1 
CTHETt:COSTI (l<l 
THElt:&RCOSICTMETt) 
STHETt:SQRT(t,P•CTHETl•CTHETIJ 

A DO LOOP FOR THE THET2 ANGLEI 

00 l4A LcJST2,NTHETi 
CT>iET.?:rCOST2(l) 
THETZ:LRCOS(CTH£T2) 
STHETZsSQRTIJ,0•CTHfT2•CTHET2) 
A SYST£~ CLCC~ SUBROUTINE 

CALL SECOND!SEC1) 

DO A THREE OJHENSJONAL NUH[RlCAL 
~UADRATURf TO CALCULATE THE 
INTERACTION POTENTIAL BETWEEN 
THE HOl.ECULfl, 

CALL 
1 

QUAD3( POTNB,COSPA ,COST• ,COSTB 
,CT~ETZ,OELT•R,OELTAT,fOENA 
,EKIN ,ELClNA,ELDE~n,fXCM 
1 NNU(B ,NPA ,NRA 1 NRB 

,CDSTP ,CPHII ,tT~ETt 
,EOENB ,F.COPR ,ECOU~ 
,NELECA,NELECB,NNUCA 2 

l 
II 
5 
I, 

,R 1 '1POS ,RADA 1 RA08 
,SP~JI ,STHET1,STMET2,~P 
,ZPOSB ,ZNUCA ,ZNUCB ,RBEGN 

CALl 5ECONC(SEC) 
HC•SEC•SECI 
STOh~TOT+SH 
GKSCF:~xC~/SELF•E~JN+ECOUL 
GKRSCFaE~C~•EKt~+ECOUL 

,NT~ ,NTB 1 POTEN8 
,SELF ,SlNPA ,SINTA 
,wP ,wT ,ZPOSA 
, J OOIT , 8 ) 

101 

lll zn 
220 
2z5 
21.b 
221 
2i!I 
zz• 
2311 
llt 
232 
233 
2311 
235 
231, 
2!'7 
238 
n• 
2U 
241 
242 
2113 
200 
205 
201, 
247 
2oe 
21, 
zse 
251 
252 
25l 
2511 
2'55 
251> 
257 
258 
2511 
2111! 
261 
262 
2U 
261i 
21>5 
lb6 
Z•Y 
2bB 
211• 
27111 
211 
27?. 
273 
211 
275 
2711 
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121!15 
1205 

C 
C 

1217 
122P. 
1222 
12211 
1230 
1231: 
121111 
12Qb 
I i?50 

13I~ 
!Ho 

C 
C 
C 
C 
C 
C 

13111 
!3<1U 
HSI! 
1l53 

C 
C 

135q 
131,2 

C 
C 

D L'10LMD 

GKR2GKR5CF•ECORR 

IF(ICDUNf,ijl,0)GC TO Ill 
CALL OATECTOOA,) 
CALL TJHE(TYH[) 
w~ JT~. ( b, 2Ull) 
WR!TE(b,253)TOOAV 
WRITE(b,2b~)TVHE 

130 ICOU~To:ICOUNT+I 

lb/011/H PUKEIIZlUII 

!F ( lCOtlNT, [fl, I!) !COIJNT•0 
WRJTE(t,,aqr)5ELF,SFC,R,P"Jl,TMETl,THET2,ECORR,ECOUL,EXCH,[K%N 

1 ,GK St r,GKRSCF,Gt<,GKP 
wR:TE(7,50J)TH£T?,ECORR,EXCH,EKlN,ECOUL,GKSCf,GKRSCF,GK,GKR 

1411J CONTINUE 

I Sil JST22t 
lbl! JS TI •t 
170 ISPl•I 

ISTD•I 

WRllE(b,270)STOT 
RETURN 

Ill<' FORMAT( l11I) 
lqll FDRHAT(8Ft0,7) 
2rP FORH,T(ISX,15/FIP.~~) 

RESET THE &TARTING PARAMETERS 
TO ONE~ 

21P. FO~M&T(tHn.~2MTl~E Rf.QUJREHENT FOP THIS CALCULATION WAS .,,m,5 
,oM SECO~DS,/) 

22~ FnRM~T(lM ,lPll!l 
23n FQRMl~(tMP,~H ND!ST,8M NTHET2,&H NPH11 ,BH NTHETl,8H KASE) 
211n FORMAT(43H 

I 4iill" 
25~ FC-RH&T(lM ,bPX,SHOiTC ,AB) 
2b0 FORH4T(!H .~~x,s~TtMf ,Ae) 
27A FOg'<AT(!H0,2V,HTOTAL TJHE REQUl~EO:,EtG,7,8HSECONOS,/1Hl) 
28~ FOR~AT(!H~,l~A8) 
2Q0 FORHAT(2X,5f!2,5) 
3P~ FORHA!(tM0,l1HTH£ THETA2 ANGLES) 
31V ~oq~AT(IH~,17HTHE PHIi ANGLES) 
32~ FQRMIT(IHP,!&HTME THET: AijGLfS) 
33P FO~HAT(!M~,2~HTHE RADIAL OI!T&NCES) 
Jij0 FOR~AT(!H~,2QHTHE RADIAL INTEGPATtON POINTS) 
35A FnR'<!T(IM~,26HTHE TH[Tl INTfGR&T!O~ POJNT5) 
JbP FO~~AT(tHe,i~HTHE PHJ INTEGRATION POINTI) 
37~ FORHAT(lbl~) 
)8A fQRHAT(tH0,02HTHIS POTENTIAL SURFACE CALCULATION IS FOIi, 

102 

P&GE "°• • 
L"O 277 
lMO 278 
LICO 2711 
LMO 2811 
LHO 281 
L'IO 282 
I.MO 28] 
LHO 280 
LHD 28'5 
l."0 280 
LHO 287 
LHO ZBB 
I.HO zn 
LHO 2118 
I.MO 2,1 
LHO 2112 
LHO 2'3 
LHO 2114 
LHO 2'l5 
L"O 2111, 
LHO 20 
LMO 298 
LMO 2119 
LMO .SH 
L"'O HS 
LHO ]02 
LMO ]ill 
I.MO ll!ICI 
LMO 385 
LMD 31!1) 
LHO 31'17 
LMO 308 
LHO 38' 
LHO 119 
LHO lll 
L"O lll 
LHO lll 
LHCl 3141 
LHD 315 
LHO 1,. 
L'<O 317 
LMO 318 
LMO 310 
LHO , 3211 
LHO 32t 
L!"O 322 
LHO 323 
L!-10 )24 
LHO 125 
LHO n• 
LHO 317 
LHO 328 
LHO Ji!O 
LHO lJB 
I.HO lJt 
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1161 

t 
C 

0 7b/l!a/H 

I lqHJDfNTltAL MOLECULES) 
3q~ F!'!IIP<lTC IH~, !SH lllf , ISH R2E 
UAA FQRHAT(IH~,SH NT! ,SH NP! 1 5H NRl$) 
41P fORMAT(\H0,IPH NELECA,IAH NELECB) 
42~ fORMAT(IH ,211~) 
~3?. FORHATC2I5,SFl~,S,flQ,7) 
44P FCP.HAT(IH0,2I5,5X,F10,5,£14,f) 
45P FOPHAT(\H0 1 )HXT2) 
41,P FOIIMAT(!H0,JHXR2) 
47~ FnRHAT(IH0,4HZF.TA) 
48~ FORMAT(IHA,ZHAN) 
uq0 FORHlT(IHA,7J,SHSrLFc,El4,7,3X,8HSECDNOSc,E\4.T/IH ,1ex,2HRs,E1a.7 

I ,~X,5HPHI::,f1U,7,JX,7HTHETAl=,E14,7,2X,7HTHETA2:,El4 0 7/IH 
2 ,12HCORRf~AT!ON:,EJa,7,II~ COULOMBIC:,tJG,7,10H 
l ,EIU,7,qH KINETlts,E14,7/IH ,1,x,1,HG~SCF:,E1u,1,ax,1HGKRSCF• 
4 ,E14,7,7X,JHGK:,t!U,7,SX 1 QHGKRs,El4,7) 

SP0 FCQHATCFI0,5,Cfl4,7/4l!C,7) 
Sir FORHAT(!HA,43HT~l POTENTIAL SURFACE WILL 6E CALCULATED AT,i3r 

I 17H RADIAL OlSTANCES/) 
5?~ FORMAT(IH0,43HTHE 0 0TfNTIAL SURFACE ~ILL BE CALCULATED AT,13, 

I 13H 0 H?l ANGLlS,l35H THl COSINES OF THE PHIi ANGLES ARE/) 
S3r FORH,T(1><0, a1, :THf POH••TII.L SURFACE l'IILL BE CALCl/LlTEC AT,Il, 

I 15H THfTAI ANGLES,/37~ THE COSINES OF T~E THETA! ANGLfS ARE 
2 /) 

sue FORHAT(IH0,4]HTHE P~TEt,TIAl SURrACE MILL BE CALCULATED AT,13, 
! 15H THElA? ANGLES,/37H THE COSINES OF THE THfTA2 ANGLlS ARE 
2 I) 

55P FO~MtTC!HU,18HTHE COSINES OF THE,ll,10H TH!TA lNTERPOLATlON, 
I IIH POINTS ARE/) 

~1,r fORMAT(IH~,JHTHf,13,l2H RADJAL INTfRPOL4TlON POINTS ARE/) 
571 FDRHAT(!H!,qlHT~E RADIAL l~T[GRATlD N WILL BE SPLIT INTC,Il, 

I \AH SECTIO NS,/3ZH THE SECTIONS ANO THE NUM8lR OF 
2 2c"POJNlS IN ~ACM SECTION ARE/) 

sip FORHAT(!H0,3Hl HE ,ll,2bH R~DlAL TNTfGRATlON POINTS/) 
sqr FORMAT(JH0,3 HTHE,IJ,25H THETA INTfG~ATION POINTS/) 
bPr rORHAT(IH0,JHTHf.,J3,23H PHJ INTEGRATION POINTS/) 
b!r JQQHAT(IH0,IUH~0LfCULE A HAS,r3,10H (LECTRONS) 
b20 FCRMAT(!H0,IUHMOLECULE 8 HAS,IJ,lAH ELECTRONS) 

l'A(i[ NO, 7 

LMO 
L"O 
Ll'O 
LMD 
LHO 
I.MO 
LMO 
t."0 
LMO 
LHO 
LMO 
I.MO 
LHO 
Ll'O 
LHO 
LHO 
!.HO 
Ll'O 
LHO 
1,.MO 
MOLi 
LMO 
HOLi 
LHO 
LICO 
l10LI 
L140 
HOLt 
LMO 
!.HO 
LMO 
HOLi 
HOLi 
LMt' 
1.1'0 
LMO 
l,.MO 
LMO 
LMO 
LMO 
LMO 

103 

332 sn 
n• 
:U5 
J3' 
J37 
338 
:n• 
JO 
3Ql 
31il 
343 
Juo 
JO 
111• 
1117 
3118 
111, 
351 
351 

l 
353 

l 
355 
J5• 

l 
358 

41 
lb0 
'.Ht 
lU 

5 • 365 
3U 
3U 
ue 
111• 
371 
371 
372 
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C 
C 

0 

FUNCTION [G(CUBPDN) 

C PURPOSE 
C CORRELATION [NfRGY DENSlJY 0 
C 
C DESCRIPTlO~ OF PARlMETFRS 
C CU8RDN CUbE RO~J o, THE ELECTRO~ DENSITY 
C 
C !UBROUTINES ANO FUNCTIO~ SUBPROGRAMS R[QUlRfO 
C NONE 0 
C 
C H[THOCI 
C USING THE UN%FORM FREE ELECTRON GAS APPROXlH4TlON 0 
C 

C 
o•T• PI34/0.o20l50Qqe8/ 

l RS•PJlij/CUBRON 
4 IF(RS,GT 0 t0,A)GO TO 10 

10 LNRS:ALOG(RS) 
11 lFCRS,LT,.7lGO TO 20 

C 
C INTERPOLATIVE FUNCTION FCR lNTERHEOJATE DEN,ITIES 
C 

IS [G:0,0!Bq8•LNRS•0 0 0•15o 
?.0 RETURN 

C 
C LO• ENERGY ~ENSITY 
C 

21 I~ RS?•SQATCPS) 
23 tr.2((•0~Q/RS2•l 0 47)/RS•! 0 l25/RS2•0 0 438)/AS 
32 RETURN 

C 
C HIGH ENERGY DENSITY 
C 

31 2~ 
QI RETURN 
112 END 

PACE NC, 0 I 

LMO 
L140 
L'1O 
LMO 
LHO 
L,MO 
LHO 
L"O 
L.140 
L.110 
lMO 
L,M() 
LHD 
L,110 
LHO 
LMO 
LIIO 
lt<O 
L.110 
LIIO 
ll<O 
L,MO 
LMO 
LMO 
ll'O 
LMO 
LMO 
LMO 
LHO 
LMO 
LMD 
L140 
ll<O 
lHO 
Ll<D 
LMO 
L140 
Ll'O 
LHD 

104 
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27 

27 

C 
C 

e 
t 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
( 
C 
t 
C 
C 
C 
C 
C 
C 
C 
C 
·c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

t 

0 P&RKERZ2llR 

SU~ROUTINE ELCPOT(COSTA ,CCSTP ,ELO[N~,ElOENA,NNUCA ,NDA , 
t NTA 1 POT[NA,RAOA 1 DP03 ,SlNTA ,Z•UCA, 
Z ZPOSA ,IRlAO ,lOlNT l 

OIMENSION 
I 

COSTA(!) ,COSTP(t) 
PDTfNA(NRA,NTA),RAOA(I) 

,£LOENA(NRA 1 NTA), 
, RP()$( I) 

z 
l 

SINTA(I) ,ZNUCA(I) , lPOU( 1) 
ELOENll(NIU 1 MU) 

PL'RPOl'iE 
CALCUL&TlS TH£ ELECTROSTATIC POTtNTlAL AND T~E CUBE ROOT OF 
THE fLECTRDN D[hSIT, 

OE~CPtDTION 0~ PARAMETlRS 
CO~TA•COSINf or THE THETA ANGLES 
COSTP•WO~~ APRA1 
ELOENH•CUBf RO DT OF THE ELECTPON OEhS!TY FOR HOLECULE•B 
lLOENA-CIIHF ~C'OT OF T'iE fLECHiON OENStTY FOR ~OLECULE•A 
NNJCA•NUHAfP Of NUCLEI 
Noa.NUMP.f~ or Rt O!AL OIStANCES 
NTA•NUH8l~ OF THtTA ANGLlS 
POTfNA•ELfCTROST~T!C POTENTIAL 
R.OA•RAOlAL ntSTANCES 
~POS•WOIIK lR~AY 
S!Ml~•Sl ~f r ~ TH[ ~H(TA ANGLES 
ZN~CA~N~CLEAR CHARGES 
ZPOS4•NUCLtA~ POSITIONS 
IK[An:3 IF IT lS NOT NECESSARY TO READ iN NEW DATA 
IO(NT:t IF MOLECULES• 4NQ ANO 8 ARE IDENTICAL 
SU9ROUTitil USEtl 
PF'UNC 

P&RlMfTERS TO AE READ !N lF lREAO IS NOT EQUAL TO 8 
ClllO I 

TITLE (COLUMN 1 CONTAINS A I FOLLOWED BY THE TlTLf) 
CAIIO 2 

NUMBER OF NUCLEI AND THE NUHeER OF BASIS SET CENTERS [I!) 
ORO l 

NUCLEAR CMARGfS (F1~ 0 S) 
C•RO 11 

NUP16ER or 8151$ TUNCTIONS FOR £ACM CENTER [I!) 
CARO '5 

CfNTERS ,o~ THE s,srs S[T WITH THE FIR~T PART or THE ARRAY 
C4R0 h•••• 

P~!NCIPAL OUANTUH NUH~EP,SU~SiCAIIY OU4NTUH NUMBER, 
R•OIAL [XP0~£NT, AND THE COEFrtclENT (2IS,2Fl0.S) 

IF(IRE4D 1 fQ,~)GC TO 21 

REAOCS,U) 

PAGE N_O, 

LMO 
LMO 
LMO 
LHO 
L>IO 
LHO 
LMO 
LIIO 
LHO 
LHO 
L140 
LMO 
LMO 
LHO 
LHO 
L110 
1,PIO 
LHO 
LHO 
LMO 
LHO 
LMO 
LMO 
LHO 
LHO 
LIIO 
LHO 
LMO 
i.!"O 
LHO 
LHO 
LHO 
LHO 
LHO 
LHO 
Ll'O 
LMO 
LHO 
LHO 
LMO 
LMO 
L,MO 
LMO 
LHO 
LMO 
LMO 
LHO 
LHO 
LMO 
LMO 
LHO 
LHO 
LMO 
I.HO 
LMO 

105 

IIU 
1113 
4111 
41! 
110 
01 
ue 
41' 
oze 
421 
422 
023 
Q211 
OZ5 
llcll 
427 
028 
02, 
1131! 
1131 
032 
1131 
11311 
1135 
111• on 
038 u, 
Qllfl 
41111 
OCIZ 
11113 
11111 
IIG!i ,,.. 
OIIT 
1111 
114' 
1151 
451 
115z 
oss 
1150 
455 
456 
'51 
458 
4511 
461! 
1161 
1162 
IIU 
au 
465 
IIH 
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0 rLCPOT PARK[AZlUII 

JU llfAD(5,~0)NNUCA,NCfNA 
47 RfA0(5,qA)(ZNUCA(!A),J&ct,NNUCA) 
1,11 RfAO(.,,•H!l (/PUSH IA), JA:l,Nl'.[NA) 
71, RfAO(~,B0)(NBJA(IA),tAat,NClNA) 

C 
C 

110 WRJTE(b,b0) 
C 
C 

I I 7 
120 00 10 !Acl,NCENA 
125 
125 N!",f:'li;FA(JA) 
Ill WQflE(b,150)NBF,ZPOSACIA),ZNUCA(IA) 
1411 WRlltlo, 1110) 
1'>3 DO 11' K:l,N!IF" 
lbA ICOUNT:ICOUNT+t 
lb! tFllCO~NT,GT,50l~PITE(b,70) 
173 JFC!COU~T,GT,50)!CO~NT•l 
177 Rfl0(5,5A)NA(IA,K),L&(J&,K),Z[TA(JA,W),CA(JA,K) 
225 10 WPJT[(b,50)NA(JA,K),LA(JA,~),ZETA(%A,~),CA(JA,K) 

C 
C 
C TA~ULATE THf CNARGE DENSITY ANO THE 
C ELECTROSTATIC POTE~TIAL OF HOLECUL£•8 
C JN ELOENA AND POTENA RESPfCTJVELYo 
C 
C 

257 2~ DO II~ NR:t,NRA 
21>I RA:R&O•(NR) 
21>3 00 Q~ NTct,NTA 
2b5 OfNA:~ 0 P. 
?b~ X:~l•SlNTA(NT) 
2~5 z:PA•COSTA(NT) 
272 00 3e tA:1,NC[NA 
273 zc;.Z•ZPOSAClA) 
271> RPOS(IA):SQRTCX•X•ZC•ZC) 
3\~ COSTP(IA):ZC/RPOS(JA) 
110 N~F:NBFA(IA) 
3111 00 l0 K:t,NB, 
lllt FF:1,1" 
l17 Tr(Nb(;t,K),r.l,t)rfsRPOS(!Al••CNA(lA,~)•l> 
334 lf(lAl!t,K),Cl,0)fJcfF•PN(LA(IA,K),COSlP(lA)) 
35ij 30 DfNl:~ENAt~~•EXP(•Z£TA(lA,~)•R~OS(ll))•CA(lA,K) 
4"2 
4I~ IF(l0£NT,f0,l)ELO£NR(NQ,NT)c[LOENA(NR,NT) 
1121 CALL PrUNC!RPOS,CCSTP,ZNUCA,POTL,NNUCA) 
43! 40 POTE~l(NR,N1)aPOTL 

C 
C 

44? RETURN 
C 
C 

50 FOQHAT(lI'>,Fl~ 0 5,flQ 0 7) 
bi! FOR"'A_T(ll;,IH 

PAGE HD 0 I 

106 

. ., 
llb8 
111,11 
1170 
1171 
17Z 
473 
171 
475 
11Tb 
1117 
478 
4711 
481 
1181 
482 
481 
484 
185 
481, 
lle7 
188 
11841 
11110 
4'11 
IIIIZ 
11113 
4'14 
41115 
196 
4117 
4118 
41111 
521!! 
5iil1 
511!2 
5U 
504 
51!5 
Sh 
511!7 
508 
sn 
SU , 
5t1 
'512 
51J 
5111 
51'5 
'51• 
517 
518 
s1• 
521 
5Z1 
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107 

IIUN•tl7 0 ELCPOT 7ti./04/0'1 ze.u.n PUllt:RZ,UR PAGE N.O, J 

I 4111H L14O 5l!l! 
70 FQ;iMAf(IHI) 1,MO 52J 
t,;, FOIIMH ( IIII5) L140 sza 
q~ FOP .. &T(8F10,5) 1.140 5i!5 

l(IIP FOIIM&T(!t,?5) L140 5i!II 
110 FCIIM&T(3Fl0,5) L~O 5l7 
12(11 FO~HAT(f!B,5,315,Fte,s, L"O 5lll 
!3e FO~H&T(IH ,?15,2~10,~) 1.140 5i!'I 
14~ FQ;iM&T(\H~,31,!Hh,uX,IHL,ax,aHZET&,7X,~HCOEF,) L"O 'HIii 
!Se fOPM&T(tHa,11,1bH B&SJS FUNCTICNS,ISH,Z•COORDINAT[ .,,1e,5, LHO 511 

I 17H,NUCLEA11 CHARGE a,F5,ll 1101.l ., 
C LHO SJJ 
C Lt<O 5JCI 

QQ3 ftll) 1.140 535 
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24 
10 

H 
H 
l7 
43 
5l 
53 
53 
53 
53 
51 
53 
53 
53 
53 
53 
53 
53 

C 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
t 
C 

C 
C 
C 
C 
C 
C 

0 7t,/0Q/il'I PAAKEIIZlUII 

SU~"OUTfNE HOM£NTCCOSTA ,ELOENA,~EL[CA,NNUCA ,NRA ,NTA 
I 1/AOA ,SINTA ,Wll ,wr ,ZPOSA ,ZNUCA 

OIMiNSION COSTA(!) ,ELOENA(NRA,NTA),ELHOH(5) 
1 SJNTA(ll ,RADA(!) ,wR(l) 
i >IT( I) ,ZPOSA(IJ ,ZNUCA(l) 

FURPOSE 
C,LCULATf~ T~E H,Mf~TS OF THE MOLECULE FAOH THE HONOPOL! 
TO THE ~tJAOECAPOLE 1 

OESCAt~TTOh n, ~A~AMETERS 
tnSTA••R~Ar CONTAthJNC THE COSINE OF T~t THETA ANGLES, 
lLCOE~A•T~f TAB9LATE~ ELECTRON DENSITY 
NfLECA•NU~BFR CF ELECTRONS 
NRA•NUM8EA or RAD!•~ ,1stANCES 
NT,•NUMB[R or THETA ANGLES 

CONTATNING 1HE SJ~E OF THE THETA ANGLES 
w~•~&~JAL tNT[GRATION ~EIGHT~ 
~T.TMETA J~TfCRATJON ~ffGHTS 

POSITIONS 
ZhJC••NUCL[AR CHARGES 

susqOUTJNfS USED 
NONE 

00 10 JHat,S 
I~ ELMOH(JM)•B,0 

00 2ia Nlhl,NRA 
IUsRAOA(IIR) 
WE I GHllulA ( NA) 
Oli 2~ llht,NTA 
COShCOSTA(NTJ 
COSTS:COST•CCST 
CUARHl:ELDENl(NP,~T) 

'!NO THE HO~ENTS DO TO THE ELECTRONIC 
OlSTR IBUTJON, 

AHOAzCUP"HA•CU~RHA•CUBAHA 
~EIGHT:~EJGHR•~T(NT) 

[lH0M(2)sELHOM(2)+RHOA•~EIGMT•RAoCOST 
RALZ'1HIH 
ELHO~(J):[LHDH(])+RHOA•~[!GHT•C~,0•COSTS•1,0)•0,S•RAL 
RAl z:llAL•RA 

;IAL:RAL•l:!A 
20 lLM0~(5)z:tLHOH(5)+RHOA•~EIGHT•C3,+COST~•C•l0,0+lS,•COSTS))•0,125 

MOL 
MOL 
MOL 
HO!. 
HOL 
l'OL 
HOL. 
MOL 
l'OL 
MOL 
MOL. 
HO!. 
MOL 
MOL 
MOL 
MOL. 
MOL 
HOL 
MOL 
HOL 
MOL. 
MOL. 
ML-
MOL 
HOI,. 
HOL 
MOL 
MOL 
HOL 
MOL 
HOL 
MOi. 
MOL 
HO!. 
MOL 
MOL 
MCI. 
HOL 
MOL 
HOL 
HOL. 
MOL 
l"OL 
MOL 
HOL 
HOL 
MOL 
MOL 
MOL 
HOL 
MOL 
MOL 
HOL 
HOL 
MOL 

108 

1,1111 
lU7 
1•0 
1,0, 
1'50 
1•s1 
l'152 
1q51 
1,so 
USS 
1'511 
1'15T 
ICl58 1,s, 
1968 
19111 
l'flZ 
191>] 
l9bQ 
1Clo!I 
19611 
19!>7 
I'll>& 
Ul>CI 
1'170 
19'1 
1~12 
197] 
1•111 
U?!I 
Uh 
1,11 
1'78 
1'7' 
I.SB 
1'1111 
UllZ 
l'llll 
ueo 
1985 
!Cllll> 
l'Hlf 
1~8~ 
1,e, 
l"I! 
1n1 
1••2 
1nJ ~••a 
l'ICIS 
l 9'1t-
t •'17 
19c;11 
199CI 
20118 
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RUN•!lll7 0 HOHENT ,~101110• z11. u.1n ftARl<ERZlUR PAGE ' 
I •RAL l'OL ZHS 

131' DO 30 MOL 21102 
13u 30 ELMCH(IH):fLHOM(tM)•TNOPI MOL Zl!lllJ 

C l'OL 2111fHI 
C MOL 21'1'15 
C SUl!STRACT THE HOHENTI 00 TO TH£ NUCLEAR MOL i!IIV.. 
C CHARGES, MOL i!0111T 
C MOL 2001 
C l'OL 211119 

n!> l"OL 21!11! 
13~ 1'>0 Iii' MOL Zill 
1117 11\l! 7fHAAG:ZCHlPG•Z"UCA(JAI MOL 2012 
152 ELH~M(t)a~~HOM(l)•lCHAR~ MOL 20U 
I SIi DO 1,1'- JHsi!,5 MOL i!0!G 
HI N:l"•I HOL 211115 
lbl ELHC~(IM)s[LHOM(JH) MOL - i!IIU 
tel [LNM:1'1.0 HOL zeu 
lbS 00 5(!1 IA=t, 1mur.A MOL i!8l8 -
172 5(!1 HOL 2019 
2011 !10 ELHOH(JH)~tLNH.[LHOH(l~) "CL 2021!1 

C MOL 2021 
C HOL i!022 
C WIIITE OUT TH[ E.LEC T le IC _MO14f NT& IN ATOMIC HOL 2023 
C UNITS, HOL 2020 
C MOL 2025 
C t<CL 2021'> 

2 I I ,iR JTE( "• 70) l'IOL i!0i!1 
2111 to/RJT[(l,,l!ll) "·OL 2028 
22J ~FlTE/1,,qr)([LHCH(IH),tM:t,5) O!Qf. 2029 
2'!-11 WIIITE(1>,J0ai HOL 2031!1 

C Mell 2031 
C MOL 2012 

2113 RETURN "OL 2033 
C MOL 2il311 
C MOL 2e35 

70 FORHAT(IHl',23MHCH[NTS IN ATOMIC UNITS) l<OL 211:S. 
"~ FORMAT(IMr,,Jx,BHHONOPOLE,7X,~HDJPOLl,bX,IOHQUADRUPOlE,SX, HOL 2037 

I eMrCTAPOLE,IIX,12HH[XADEC~POLE) Mr,L 2038 
q~ r0Pwarc1H0,stt4.7l l<OL 201• 

11'0 Fl'll"'ATC!Hl) l<nt ~- 20ae 
2411 END 1o1,,L 20411 
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14 

10 

10 
IQ 
17 
17 
17 
22 
Zb 
2b 
2& 
2& 
~a 
5& 
'i& 
5& 
Sb 
5& 
S& 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 
C 

C 

C 
C 
C 
C 
C 
C 

0 To/114/0'1 

SUBR~UTJNE PFUNt(RPOS,COSTP,ZNUtA,POTL,NNUtA) 

PUIIPOS!: 
CALCULATES THE POTE~TJAL 

DESCPlDTin~ OF PARAMETfRS 
CONTAJ~JNC THE RADIAL OJSTlNCES f~OM THE NUCLEI 

c ~~TP-l1~AY CONTAT~JNC T~E COS!Nl Of THt ANGLES FRO~ THr 
tH.iC:LEJ, 

z ~~CA•NUCLt&~ CHAIICES 
P~TL•RESULTANT POTENTIAL 
~NUCA•NUMRER Of NUCLEI 

OJME~SION CCSTP(l),FACT(J0),P.POS(l),ZNUCA(I) 

CO~MON /8ASE/CAC5,35l,LACS,35).NACS,SSJ,NBFA(5),NCEN&,ZETA(5,J5) 

OATl flCTll)/1 0 1!/ 
OlTA JACT(2)/2 1 0/ 
DATA FACT(J)/& 0 r./ 
DATA F6CT(U)/2U,0/ 
OATL FACT(5)/IZ0,0/ 
DATA F6CTCb)/7?~.0/ 
OtT• FACT(7)/~0u0,l!I 
~&TA FltTC~)/UP3?~,0/ 
DATA FACi(9)/362~t0,0/ 
DATA FACT(l0)/3b28800,9/ 

CATA FOURPJ/l2,5bb37eb/ 

POTL•0,I! 
00 a~ 
NBf':rN'JfA(tA) 
RALfijT:RPOS(JA) 
CALFBT•COSTP(?A) 
DO 111'1 l(s t, NBF 
N~:t,IA(IA,10 
Ll<:Ll(14,I() 
LKPt•LI< 

CALCULATE THl ELECT~OSTATlC POTENTJA~ 
OF TM~ fLECT~ON CLOUD, 

~Z[T:~ALF"T•ZETl(I&,I<) 

P.ZETla:\,1!/lllfT 

NKMLKsNK•L~ 
T[RMtarACT!Nkt)tRZETJ••CN~+L~+Z) 
T~~~l•llZETI••CNK•LK+t) 
r.KLKsNK•I.K•1 

llO 

si. 
511 
SH 
!iJ9 
508 
5111 
5112 
50J 
5118 
545 s•• 
501 
548 
5Qt; 
550 
5'5l 
552 
551 
5511 
555 
550 
557 
558 
55' see 
SU 
562 
SU 
Sell 
5o5 
Sh 
51,T 
5&8 
5o9 
57111 
571 
5T2 
57) 
5711 
575 
571> 
571 
57& 
579 
5811 
5111 
511Z 
5113 
sec 
5115 
5l'f, 
59T 
sea 
5e• 
5H 
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RUN•l1!1'1 0 Pl'IJNC 

JF(NKL~~LE,0JCO TO lA 
105 00 I~ M:1,hKLk 
IIQ NKM:NKML~-~ 
!IQ I" 
112 20 TfP~2:TlR~?•FACTcfiMHLK) 
l}Z 
132 NKLK:NK+l' 
l43 OD l~ M•l,~KLK 
152 NKM:NKl•'4 
152 30 
lb3 TfRM,:TfRMJ•~ACT(NKt) 
17" UP POTL~POTL+C0tfo(TERM!•E)P(•RZET)•CT(RM2•TERM1)) 
211 50 POTLaPOTL•FOUPPI 

C: 
C 
C INCLUDE T~E ELECTPOSTATIC POTENTIAL 
C CO TO THE ~UCLEI OF HOLECULE•A• 
C 
C 

213 DO 60 I-•!,NNUCA 
21& bO POTL:POTL•ZNUCA(tA)1RPO~(lA) 
i!21 RETUl!N 
222 ENO 

PAGE N0 1 Z 

LMO 
LMO 
LMO 
LMO 
L'"0 
L~O 
LMO 
1,.MO 
LMO 
LMO 
LMO 
LMO 
L"'O 
LMO 
LMO 
L140 
LMO 
I.HO 
LMO 
LMO 
LMO 
LHO 
1,1'0 

111 

5'1 I 
5'12 
593 
5U 
5'15 
5'1b 
5'17 
596 
5'1'1 
l>ZII 
.ill 
02 
us 
f,111/1 
t.25 
6fb 
t.B'I' 
628 
6l'ff 
ftlll 
tilt 
ftl2 
61J 
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112 

RU'4•te7 0 '1!,/lllll/01t 20.u.01 PARl<[RZi!UR PA,f N~, 

'UNCTION PN(N,COST) \.'40 •111 
C C•LCUL~TFS THE W•TH LEGENDRE POLYNOMIAL AT COST Lf'O U!I 

I, DI"ENSION P(q1,) LH:l 
I, NPl•"•I L!'IO •11 
I, Prthl.fl l'40 1>18 
b P(2)l<C!'lST LMO 1,1q 

11 JF(N•t )311, !Ille ll! LMO ue 
I 3 11'1 00 2" t1:3eNPt LHO 1t2S 
2l l"1t:i:I•t L.'40 622 
2J J1•21:t-z \.MO 112J 
23 COSTP:COST•P(JMl) ll'O lli!4 
?3 21!\ L"C e.zs ao 31! PNcP(NPl) L"C lli!II 
112 RETURN L'40 lt27 
113 ENO \.MC •2& 
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C 
t 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
r. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C: 
C 
C ·c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0 7t,/(lljj/(119 

SURROUTJN( 
t 

QUADlC POTN8,CDSPA ,COST/ ,COST8 
1 CTHET2,DELTAR,OfLTAT,EOENA 
,EKI N ,fLDENA,ELOENH,EXCH 

PAIIK[RZi!UR 

,COSTP ,tPHJI ,tTHETJ 
,EDENB ,!CORR ,ECOUL 
,NELECA,NFLECB,NNUCA l 

] 
Q 

5 
t, 

1 NNUCB ,NP& ,NRA ,N~ R 
,R ,RPOS ,RADA ,RAOb 
,SPH!I ,ST~[Tt,STHET2,~P 
,ZPOSe ,ZNIJC& , ZNUCf\ ,IIBEGN 

,NTA ,NTB ,POTENB 
,SEL~ ,SINPA ,SINTA 
,WR ,wT ,ZPOSA 
, JOENT ,B ) 

P~TNB•POTfNTIAL MATRIX OF HOLECULE•B 
CCSPA•COSINr D~ THE PHI lNTfG~ATION ANGLES 
COST\•COSTIN[ C~ THE THETA !NTEG~ATION ANGLES 
CDSTP•~ORK ARRAY 
CPHJ!•COSTNE OF PHIi 
CTHET!•COSTNE OF T~ETAt 
CTHET2•COSIN( OF THETA 2 
DEL~AR ~ADlAL INCRE~E~T 
DtL,Al•THETA INCREMENT 
FDfNA•CUBE POOT OF THf ELECTRON DENSITY o, MOLECULE•& TABULATED 

EQUfDISANTLY 
EDEN6•CUBE RCOl OF THE fLECTRON OENSJTY OF HOLECULl•B TABULATED 

E!WJOISANTL Y 
ECOP~•Cr.RR[LATION ENERGY 
COULOH~!C ENE~GY 
EWJN-~INiTIC rNERGY 
EL~ENA•CU8f. ROOT OF THE ELECTRON DENSITY 'CR MOLf.CULE•A 

AT INTEGRATION POINTS 
ELOfNA•CU6E ~OOT Of T~E ELf.CTPON OENSJTY FOR HOLECULE•B 

lT THE INTEr.RATION POJNTS 
€1.C~•f~CHA~Gt E~ERGY 
NELECA•NU~B r ~ Of ELECTRONS ON HOLlCULE•A 
Nf LfCB• NUHBER OF [L t CTRONS ON HOLECUL£•8 
NN UCA•NUHPEP OF NUCLEI J~ HOLECULE•t 
NU!o<flfR (If NIIC( El IN MOLECULE•B 
NPA•NU~6fP Of PHJ INTEGRATION POJNTS 
NRA-NUMD~R or PADIAL INTEGRATION POINTI 
NR~•NU~BE~ OF f~UIDISTANT RAOJAL POINT$ 
NTll•NUH3ER OF Eou:01s,~NT THETA POINTS 
POTENP.•POT[NTJAL OJ HOLECULE•B TABULATED AT TH! 

INTEG~ATJON POINTS 
R•OJSTANC! IIET~EEN THE CfNTER OF HA!S[S 
RAO••RAOJAL I~TEGRATIO~ PQJNTS 
5£LF•SELF EN[PGY CO~RECTION 
S!NPt•SINf Of THE PHI INTEGRATION POINTS 
StNTA•SJNE OF THE THETA lNTlGP4TlON POJNTI 
SP"Ol•SJNf OF PHIi ' 
STHETJ•SINE Of THETA t 
STHET2•S?Nf Or THEAT I 
WP•RA~T&L JNTfr.~ATION WEIGHTS 
W~•PHI JNTlG~&TION ~E!GHTS 
WT•THETA IHTl,~ATtON ~EIGHTS 
ZPOSA•NUCLEAR POSITIONS OF HCLECULE•A 
ZPOSB•NUCLEAR POSITIONS Dr HOLECULE•8 
ZNUCA~NUCLEA~ :w~QGES OF ~DLECUL£•# 
ZNUC~•NUCLlAR CkARGES OF ~OLECULf•S 
IOENTst If THE HOLECULE AQf 10EH11CAL 

113 

PAGE N.0, 1 

LHO u, 
L'40 UP 
LMO .St 
LMO ,12 
LHO Ul 
L"O •i• LHO •35 
L140 •J• Ll'O f,37 
Llf0 f,]11 
LHO ,n 
LHO f,lie 
L,..O .. , 
I.HO t.llZ 
L,..O f,11] 
LHO f,C4J 
LHO ,as 
LMO f,Qe, 
LHO .,,, 
LHO ••a LHO .... 
L140 e.51!1 
L"O e,51 
1.,-;o 1,5z 
I.HO e,53 
LHO f,511 
I.HO e,55 
I.HO ,5,, 
LHO 1157 
I.MO ,.,a 
LHO e.5'1 
LHO e,t,t 
VO •61 
L"O 66Z 
LHO t,6] 
I.HO oU 
LHO 665 
LIIO ,, ... 
LMO .. ., 
L'40 661 
LHO ••• LHO t.71 
L.HO Ul 
L.MD •n 
L.HO •JJ 
L.MO . .,. 
LMO '" LHO .,. 
LHO •11 
L.HO .,. 
Ll-lO .,. 
l MO ,111 
LHD e.!'!t 
LHO Ui! 
L.HO e,IJ 
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11! 

71! 

71! 
70 
7r, 
10 

70 
70 
7r. 
70 
71' 
7~ 
70 
70 
rn 
70 

RUN•lll1 

e 
0 i?I!. 13,llJ 

C 

C 
C 

C 
C 

C 
C 

C 
t 

C 
C 
C 
C 
C. 
C 
C 
C 
e 
C 
C 
C 
C 

• C 
C 
C 
C 

OJl'fllSION 
I 

CO!PAII) ,COSTA(!) 
CO~TB(ll ,COSTP(ll 

,POTE~B(NRA,NTA), 
,lLOESA(NRA,~TA), 
,AAOA(l) 
,sJo;PJ(l) 

2 
l 
4 
5 
I, 
7 

ELOEN8(NRA,NTA),POT~6("R8,NTB) 
l!A['f:1(1) ,RPOS(I) 
SJNTA(ll ,wP(I) 
~TCIJ ,ZPOSA(I) 
ZNUCAfll ,ZNUCRCl) 
EOfNll(NRB,NT8) 

, IIR ( 1) 
, ZPOSI! ( 1) 
,E,ENA(NRl!,NT8) , 

COMMON /B4Sl/CA(5,35l,LA(S,35),NAC5,l5),N8FA(5),NCENB,ZETA(5,J5) 

LOGICAL HST 

OITA PJ/3~1Q\5Q2b5l5AQ8/ 
DATA T~OP!tb,2A3!85l~715~1,/ 
DATA Cf/•,7J~~~87~b3~202/ 
0&14 C~/2~67!23Q~llll18&1/ 

NRl"l•NRA•l 
l>;lAMtaNTA•l 
ODR: I~ 0/0fl. T,lR 
OOTst,D/OELTAT 

CC••CPMil•tTHETl 
CS• CPMJ1•STHETI 
Sts•SPMl1•CT~fT1 

THfSE &RF. CO~Sl&NTS THAT ARE 
NECISSARY lN TH[ lRANkORHATION 
fRO" A COOROl~ATE SYST~H tENTERfD 
ON MOLECULE•' TC A CCORDINAT[ 
SYSTfH r,NTfRfO ON MOLECULE•e. 
MOLECULE•A HAS DEf~ ROTAlfO BY 
THE TM?Ef fUltR ~~GLES ( 0 Htl,lMETl,,ll 
A~O MOLECULE•B MAS BfrN kOTATED 
9Y (0,THET2,~), T~E EULER ANGLfl 
U~fO APE ~[FtNEO IN H, Ea RCS(, 
ELE~FNTARY THfn?Y 0~ ANGuLAR 
MOHENTU~, JOHN WILEY ANO SONS, 
1957. 

SSr SPHil•ST~ET1 
AlrCTWfT?•r.C•STHf.TZ•STM[Tl 
Bt:CTH(T2•SPM1I 
ttsCTM(T2•CS•STM£T2•CTHETl 
OtrfhSTHlT? 

8.la:S TH[ T Z•SPl<ll 

PAGE fo!O, I 
LNO 
LMO 
LHO 
LMO 
LMO 
LMO 
L"0 
LMO 
LHO 
LMO 
LHO 
LHO 
LHO 
LHO 
:_wo 
!,MO 
LHO 
LMO 
LHO 
L-40 
I.HO 
LMO 
L"'O 
LMl: 
Lf"D 
L'IO 
LMO 
LMO 
L"CI 
Lf"O 
LHO 
LMO 
LHO 
LMO 
LHO 
LHO 
Ll'O 
LMO 
LHO 
L!CO 
LMO 
l~O 
LHO 
LHO 
Li'!O 
!,.MO 
~MO 
L"'D 
LMD 
L"D 
LMO 
L"O 
L~D 
LHO 
LMO 

114 

UI 
,es 
,e. 
HT 
UI u, 
"" .. , 
'92. ,u 
,u 
... 5 .. ,. 
'" '99 

""" 71!1! 
701 
792 
71'13 
714 
105 
Th 
717 
718 
Tl!Q 
118 
711 
7!2 
Tll 
TIii 
715 
7H, 
717 
718 
119 
Tll! 
1i!t 
72il 
,21 
7l4 
725 
721, 
727 
128 
12'1 
738 
731 
Bi? 
T3l 
n• 
735 
n• 
131 
738 
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RUN•ll!7 0 QUAOJ P&J!KEIIZZUA 

71! ClsSTHETZ•CS+CTHET2•tTHET1 
70 

C 
C 
C CJLrULAT, T"£ PART OF THE COUL0H81C 
C ENERGY ~~?CH 16 CONSTANT RELATIVE TO 
C THIS NUHERICAL I~lEGRATJON 1 
C 
C 

70 CO~ST•0~0 
131 DO 2, 
1!3 rA:Z~u:&(lA)/fLOATINfLECA) 
113 ZP•ZPOSA(Jl) 
140 ~0 IA JR:\,NCENB 
IU2 XBETA:ZP•Cl•OI 
14? vef.TlaZD•SS 
142 ZBET&2ZP•C3+0l•ZPOS8CJBJ 
153 F!POS ! I'll :SQR~ ! XRfl hXBE T uv·BE T UY!lET hZ!!ETA) 
lbU IA COST?(Jij):Z~[TA/PPOS(lR) 
171 CALL PfUNC(RPOS,COSTP,ZNUCS,POTL,N~UCB) 
?~I 2~ CONST:CONST•FA•POTL 

C 
C 

20& CONSTZ:0,0 
21!7 00 a~ JA:J,NNUCA 
210 f&:lSUCACJA)/FLOAT(NELECA) · 
210 ZPsZPOSA(JA) 
215 in!~ JP~t,~Cf~8 
217 XBETA:2°•:-rc•STMET?•ST~ETt•CTHETZ)•R•STP.!Tl 
217 YHfTt:.z?•SPHil•STM[TZ 
217 
?QI 
2~2 Jt COSlP(l~)cZ~[TA/RPOS(JS) 
2~7 CALL PFUNC(HPO&,cnsTP,ZNUCB,POTL,NNUCB) 
2&7 II~ CONSTZrCONST2•f&•POTL 

C 
C 
C l"JT1L!Z~TIONl 1 
C 
C 

21& 
27& fKINa0,0 
27b · fCORRse,0 
216 · 
Z1b 
27& DE~Ss~.0 
27& 
27& OBSQc\,0/(8•8) 
Z1b OASQ:l,0/(A•Al 
27b RMALf:Q/2,~ 
lti QMJX:S~RT(q•Rla,0+8•8) 
310 
]20 5wPa~P[l) 
123 JF(l~S[CTM!Tt),EQ,1,0,AND,A8S(CTHET2),[Q•l•0)GO TO 5B 
Jae GO TO &0 

L"O 
LHO 
LMO 
ll'O 
LHO 
Ll'O 
LMO 
LMO 
LHC 
L'IO 
Ll'O 
LHC 
LMO 
LHO 
v•o 
LHO 
L"'O 
LHO 
LMO 
LMO 
Ll'O 
LHO 
LHO 
LHO 
LMO 
L!Hl 
LHO 
L!"C 
LHO 
LHO 
LHO 
LMD 
LHO 
LMO 
u,o 
Ll"O 
Ll"O 
LHO 

· LHO 
LMO 
LKO 
LMO 
LMO 

' LHO 
LHC 
L"0 
LHO 
LHO 
LMO 
LMO 
L"D 
L"O 
LHO 
Ll'O 
LHO 

115 

n• 
1110 
7111 
742 
TU 
7411 
HS ., .. 
7117 
71111 
74' 
751!1 
751 
752 
75] 
7511 
755 
756 
757 
158 
151J 
7H 
7&1 
T&ii! 
TU 
7&4 
7115 
76f, 
767 
7o6 
76'1 
771! 
771 
772 
'7l 
1711 
775 
776 
111 
778 
779 
780 
781 
782 
78] 
7811 
Te5 
786 
71T 
HB 
78' 
7'10 
7'I 
791 
7ttl 
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116 

RUN•t07 0 CIUi03 TII/Plll/1!9 z0. n.01 PiRICERZi!UR PAGE N0 0 • 

3GV. 51'l NPJ•I lHO 7U 
3111' WP( ll sTWOPJ lMO n, 
3113 Ml CONTINUE lHO 79ft 

C l"O 797 
C lMO 70 
C IUD JAL INTEGRATION LOOP, l110 799 
C LMO 801' 
C L140 81111 

3113 00 i'Jll O;lhl,NRA l~O uz 
3115 IHaP&DACNR) Ll!O 81J 
347 JrcH,.GT.R~AX)GO TO i!OII lMO 8H 
353 l'[JG><qswR(NR) LMO 8!5 

C L,MO 8 .. 
C LMO 8l'l7 
C THETA INTEGRATION LOOP, LMO 8e8 
C LHC U9 
C LMC 811! 

355 00 21111 Nhl,NTA lHO 811 
lo3 CUBHHAsFLDfNA(NR,NT) LHO 812 
3113 RAST:QA•SINTA(NT) lMO 81J 
3!11 ZA:Rhr.OSTA(NT) LHO 8\11 
31,3 POTL~:POTfNS(NP,NT) LHO 815 
31,3 R~OA•CUijRH&•CU~RHA•CU8RHA LHO 81ft 
3!13 Wt!r."T1:•EIG~R•~T(NT) 1.~ll 817 
370 EGRH~l~R"OA•[G(CUBRHA) L'10 818 
111'10 RHOJ113:~l'OA•CU8RHA LHO 819 
llelll RHOl~J:RHOAlll•CUPRHA L~D UI 
""I IF(I~fNT,EQ 0 l)GO TO 71 LHO 821 
GIG C~RHDB•fLnENR(O;~~NT) LHO ezz 
lllli RHOB~:C~OH09•CRRH08•CBRHO! l,.!'40 823 
1111, ~RHC~:HHO~"'•EG(CeRHOB) p,o 824 
u22 ROBll3aRHC8N•C8RH08 LHD 125 
1122 ROA~,:R08113•t8RH08 I.HO Ult 
11211 GO TO 811 lHO 827 
030 u, CBl!HOB:CUBRH& lHO 828 
11311 RHO~Jo<:RHOA LHO ez, 
430 EPHOBaEGilHOA LNO 831 
410 RQP113:RHOA4J lNO 831 
llllil R085laRHOA53 LMO 832 

C L.,O 833 
.c LMO n• 
C PHI INTEGRATION LOOP, LIIO 835 
C I.HO 83' 
C lMO UT 

437 8~ DO 2Zll NP,:1,NPI LHO 1118 
4111I ~ElGHPswfIGHT•WP(NP) LMO en 

C L"'O "' C LHO 841 
C CALCULATE TM[ CART[SfAN COOPOlNATf LHO 842 
C FO~ THE INTEGRATION POINT RELATIVE LMO UJ 
C TO t'OLECULEd LHO 8U 
C LMO ~•s 
C L"O 8Qf, 

11111 WA:RAST•COSPA(NP) l!IO 807 
1141 YAc~AST•SfNPA(NP) lHD 848 
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UI 
001 
441 
41,'5 
41,7 
41,7 

477 
.in 
51'! 
Sl'S 
517 

015 

RUN.,111? 0 OUt.Dl 71>/04/0'9 l'UKfRZi!UII 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

t 
C 

JsXA•CC+Yl•SPHil+Z&•C& 
Y:XA•SC•YA•(DH!l•ZA•SS 
l:XAtSTH[Tl+Zl•CTHETl.,RHAL' 
JF(Z,CT,P,P)GO TO 1'50 
TS')zY•Y 
JF(((J•J+YSQl•06SQ+Z•Z•OASO),GT,t,0)GO TD 1511 

WITHIN REGION I 

TR&NSFO~M TO COOROINATCS RELATIVE 
TO MOLECULE•&, 

XA:X•CTHET2+(~H&LF•Zl•STHET2 

CTl'ETBaZij/RB 
IF(R8,l.T,R@fGN)GO TO 911 

00 A T"'O CJHENSJONAL STERLJN~S 
INTlRDOLATlON FOR THE ELECTRON 

· DENSIT~ &ND POTf.~TJAL OF HOLECULE•B 
T~PE INTERPJLATJON FOR THt ELECTRON 
DENSITY OF ~OLECULE•B 

HR:(g~.g~fGN)•OOR+2,5 
HT:(CTHETB+OrLTlT+!,A)•OOT+II,§ 
l'RP\:"l!+l 
HP."l:MR•I 
RB:(RAeRAOn!l'R))•ODR 
CTH[T8:(CThlTB•COSTB(HT)l•ODT 
HTPl:MT+t 
"4TMl:MT•I 
TFrP=EDENB(HR,MTl•2,II 
TPP0:00TNB(~R,HTl•2,11 
ftP=~OfN~("RPJ,MT) 
Pl~:PCTN"(MRP!,HT) 
F"4\P.:EOf~9(~RH!,MT) 
PHl0:POThR(~PM!,HT) 

F01=FDEN~(MP,HTPI) 
P~l=POT~~(~R,HTPI) 

P0Ht:P~T~B(~R,l'T~I) 

I 
.. TP0e)) 

1 
RH08cCUB•HH•CU8RM8•CUBRHB 
GO TO !Gil 

PAG[ NO* S 

LHO 
LMO 
LHD 
LHO 
LHO 
LHO 
LHO 
L"40 
L"4D 
LMO 
LHO 
LHO 
LHO 
LHO 
LMO 
LHO 
LHO 
LMO 
LHO 
LMO 
LHO 
LMO 
LHO 
LMO 
LHO 
LHO 
LMO 
LH(I 
LMO 
LHO 
LHO 
LHO 
LHO 
LHD 
Ll'O 
LHO 
LHO 
LHO 
LMO 
LHO 
LMO 
LHO 
LHO 
Lf'IO 
LHO 
L"40 
LHO 
Lt-10 
Ll"O 
LMO 
LMO 
I.MO 
LMO 
LHO 
LHO 

117 

11• 
1159 
1!51 
35Z 
85J 
es• 
855 
es• 
857 
858 
as• 
81,9 
au 
l!bl 
8U 
8U 
8115 
81,. 
en 
8H 
8"9 
879 
871 
872 
87l 
87ft 
8'5 . 
e1, 
877 
878 
879 
8811 
811J 
6H en 
88• 
885 
M• 
817 
888 es, 
l!f/11 
!91 
MZ 
119J 
e•o 
9q5 
891t 
81:/7 
81:/8 
8'19 
9U 
9111 
91Z .. , 
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t.70 
1>7Z 
1,73 
702 
7ClQ 
7t'l5 
723 
723 
721 
723 
723 
7Zl 
72l 
723 
77q 

11'1~5 
1~?.S 

1 ti IS 
11!1~ 
l8t5 
1015 
1015 
I illS 
ll!IQI 
IP.52 
101,3 
10&3 
111&3 
10711 
U75 

1 t<H, 
lJllt, 
11 ill, 
11211 
1131 
1133 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 

.c 

0 nu,os 

Q~ 00 1~2 i"N~cl,NRAH1 
HR:NRA•i"NR · 

on' LIN[AR lNT~RPOLATJDN 
ON THE cr5I~E OF THETA AND AN 
EXPONENTIAL JNTFRPOLATION ON R0 

100 lFC~&OA(i"gj,Li 0 RB)GO TO 110 
tla 00 t?~ i"NT:l,NTAH1 

i"TslHhi"'<T 
l?.11! TF(CCSTJ(MT),LT 0 CTHETB)~O TO 130 
1311! "IRPl="Rtt 

i"TP I :14fo 1 

ZETH~:(gA~A(HR)•RB)l(RAOA(i"~Pl)•~•o•cHR)) 
R><P'1T <c , Ot '< !-, (rt ~ , "'Tl •ZlT "l• Ct.I. Of Nr, C .,p, HT )•EL Of NB ( l',R I i"TP1)) 

PnP.~!T:PQTfNB(HRP1,HT)+ZETHT•CFOTEN8(H»Pl,HT)•POTtNe(HRPt,MTPt)) 
cu~~HR:gHR"IT•tXP(l(THR•lLOG(RHR"T/R~RHtT)J 

~HC~:CU~RHB•CUBRM~•CUBgHB 

toe 

EN~ OF INTERPOLATIO"' Sr.~EHE JN 
REGJO"I 

Cl•9SU"l:~HOSUMo, H HHH333333 

WHOAll3:CUB~HA•RH08 
RW0$~3=CURSUH•RHOSUH 
EK It-,: C Cll"S UM• RHr,~,; ~.RHOA'5l•!'.llfH!HBHl"l0!!/J 3) * lolf I GHP+EIC IN 
ftORR:(RHOSU~•FGICUBSU"l•ECRHDl•RhO~•lG(CUBRHB)l•WEIGHP+~CORR 
F1CH:(RHDSil3•R~OJlll•~HOB~3)•WfIGHP+lXCH 

150 X:XA•CTHEl2tZ4•STHETZ 
v~v• 
Za•XAtSTMElZ+ZA•CTHElZ+RHAL' 
IF(Z,LT.0.e)r.o TO ZZl!I 

TO zze 

WITHIN REGION J 

x~:X•CC+Y•~C+(Z+RHALF)tSTHETl 
Y~:X•SPH!l•Y•CPHil 
7q:X•CS+Y•~S•CZ•~HlL'l•CTHETI 
RR:S~RT(XR•X~+VB•V8+7.8tZ8) 
ClHEB:2P,/Rl:I 
IFCWR.LT,RnEGN)GO TO 11,e 

LHO 
LHO 
L"O 
LIiii 
LHO 
L"0 
LMO 
L!'O 
LMO 
1,.110 
L!!O 
1,.MO 
1,.MO 
LICO 
Ll10 
LICO 
Ll"O 
L"D 
LMO 
LMO 
LHO 
I.HO 
l."0 
1,.1<0 
1.1"0 
1,.HO 
LHO 
LMO 
I.MO 
LHC' 

. I.HO 
I.HO 
LHD 
l,.HC 
LMO 
I.HO 
LMO . 
1,.H0 
LHO 
LMO 
I.HO 
LMO 
Ll!O 
I.HO 
L,MO 
Lt1D 
L,MO 
LH:l 
L"O 
Lt-CO 
Lt',O 
I.HO 
L 110 
l."0 
Lt'O 

118 

•011 
•es 
Clllt, 
901 
<:IH 
909 ... 
•ti 
91Z 
913 
9111 
•us ... 
<iH 
918 
1ltl 
920 
921 
'122 
9ZJ 
9l4 
Cl25 ,z. 
9l7 
928 
QZII 
'13111 
931 
Ul 
'133 
Cl)II 
935 
936 
931 
9311 u, 
911111 
911l 
02 
llllJ 
•11• 
'145 
114. 
•47 
'1411 
'111'1 
Cl50 
951 
95Z ,,;s 
151; 
9!,5 .,~. 
957 
958 
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IIIIZ 
11112 
11112 
I 1112 
11112 
11112 
11112 
11112 
11112 
I I 112 
11112 
121!5 
12! I! 
12?! 
1221 
IZZI 

1221 
121111 

I ZOii 
l2~b 
I 247 
125ft 
l2bD 
12&1 
1277 
1277 
1277 
1277 
1217 
1277 
I 312 
1311 l 

i:sai, 
Ullb 
1311b 
ll'lb 
13111, 

RIJN•lll? 0 QUAOl P&RK[IIZ2UA 

C JNTER?OLATION roR THE ELECTRON DENSITY 
C Of 
C 
C 

C 
C 

HT:(CTHfTa+DELTAT•l.e)•ODT+a.s 

HR"I -~11-1 
R~:(Re-RAO~(HP))•ODA 
CTH~T5z(CThfTB•COSTB(HT)J•OOT 

I : . . 
H·T,;ls•1T•I 
TF00:[0fNA(HR 1 HT)•l~B 
Fti=EOENA(MRPl,HT) 
FH10:EnfN&(HRHt,HT) 
!FIMTPl~GT,NTB)~TPtsNT8 
lF(MTHI.LT,l)HTHtat 
Frt=EDENA(l'R,HTPI) 
f0Hlc[OENA(HR 1 HTHI) 

I •CTHETR•CF0l•F~Hl+CTHFTB•CFB!•F0Ml•TFPB)J) 
QHOi~sCRRHO••CRRMOA•C!RHOA 
G!l TO 211! 

C DO A LINEAR JNTfRPOLATJON 
C ON THE COSINE OF THETA A~D AN 
C EXPONENTIAL lNTERPOLATlON ON R0 

C 
C 

C 
C 

!be 00 110 HNRs!,NRlH1 
MR2NQ,leHNR 

170 IFl~AOA(MR),LT~RB)CO TO 18B 
1~0 00 \qp M~T2l,NTA"'I 

'1TzNTA-MNT 
1q0 lf(COSTA(HTl,LT,CTMETB)GO TO lBB 
2"11 MPP I o:"11+ I 

ZETHTs(COST~(MTl•CTHfT8)/(COSTA(HTPll•COSTA(HT)) 
ZfTHR~(RADA(MP)•Q~)/(RAOA(MIIPl)•RAOA(HR)) 
IIHIIMTa[LOt ~A(HR,MTJ+ZrTMT•(fLOfNA(MR,MTl-ELO[NA(HR,HTP!)) 
PHRMlf•EL nt~AC>'RPl,"'Tl+Z[T"T•(FLOENA(~RPl,HTl•ELDENA(MIIPl,MTPl)) 
CBlltiO&cR "!Pllh( XP C ZE T HR• AL OG ( f;MRHT /IIHRMI T)) 
RHOANsCB~HOA•C~~HOA•CBAHOA 

C ENO OF INT[Rl'OLATlON SCH[HE lN 
C REGIO~ I?, 
C 
C 

110 
CURSU"':RHOS UM••,~JJJJlllJJ]lll 
EC OUL~ F C Ol':..• ( p rir LN• co~s Tl). RHOAl',•'"ElGHP 

RHOS~l•CUBSUl'~RHOSUH 

l'ACE N9, 1 

LHO 
LHO 
L"O 
Ll<O 
Ll'O 
LHO 
LIIO 
LHO 
LHO 
L"O 
LHO 
LHO 
LMO 
Ll<O 
LHO 
LHO 
LHO 
l'40 
l!-'0 
Ll'O 
LMO 
LHO 
LMC 
l"'O 
L!<O 
LHO 
L'40 
LHO 
LHO 
I.HO 
LMO 
LHO 
LHC 
Ll<O 
LHO 
LHO 
LMO 
LIIO 
LHO 
LHO 
LHO 
LHO 
LMO 
LHO 
LHD 
LMO 
LMO 
LMO 
LHC\ 
L"O 
LMO 
LHO 
LHO 
LMC 
LHO 

119 

,s, 
'"" qbl 
Ul ,u 

"·· '11>5 
IJh 
IJU 
1Jb8 q,, 
IJ'l'B 
IJ71 
,12 ,n 
IJ70 
,1s 
IJ7b ,n 
IJ78 ,n 
qe,, 
981 qaz 
9113 

"" 9SS 
980 

- '187 qo 
98' 
•<1e 
9qt 
9'1i! 
993 
'1911 
'195 n• 
07 
'l'IP 

""' 10111 
1001 
101/!i! 
un 
1000 
IBB5 
see. 
1£11!1 
IBP.fl 
UCIJ 
11118 
1811 
tl!IZ 
HHJ 
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RUN•l07 C QUAOJ PAAK[RZlUA 

!Jab FK!~c(CU~SU"•AHOSQ3• R09S3•CHRHDA•?H043)•~EJGMP•rKJN 
I H-1 EC nPPs (l>HOSU'" re; ( cuei:t'l'l • E RHM•i!MOAN•E Ci ( CB>IHO&)). WE J 
14~2 EXCMa(AHOS«3•RHO43• R0843)oW[IGHP+EXCH 
1011 22P cn~,1~ur 
141b 230 CONTINUE 

C 
C 
C 
C 
C 

1424 200 fKIN~EKIN•CK 
\424 [XCM:CE•SELF•EXCH 
1424 MP(l>•SWP 
10~3 RfTUPN 
1434 END 

ENO o, THE NUMERICAL lHTEGRATJON 1 

120 

IIA!:E ~o, 8 

LMO 10111 
L"O llll15 
L"O 11Hb 
LMO tel1 
Ll'O 10111 
l,.MO Ilil I~ 
L"O 10211 
1,.MO U2t 
1,.MO UZ2 
L~O 1023 
L"O 11!24 
LMO lll2S 
L"O 1021, 
LHO un 
L"O U28 
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I, 
20 

31 
31 
31 
C0 

"" Ill) 

52 
l,P.I 
&1 

RUN•l07 0 PARIIEAUUR 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
t 

C 

PIJAPOSf 
COHP~TES S£Lf f~CMAN~E CORRECTION 

OESCPIPT10~ OF PA~iM£TEAS 
N•N0~8EQ CF EL~CTHONS 1 
SELF THIS IS THE SELF ENER;Y COR~ECTION ON RETURN, 

SIJP.~0:JTINES HID FUNCTION SU9PROGAA'1S AEQUJAEO 
1,;0NE~ 

METHOD 
AY 11ETMOO OF A,!~H, RAE, CMfM~ P~YS, LETT, 18,574 (1971), 
~RJTTEN BY SHELOON GREEN 

STATEMENT FUNCTION OEFINITIDNS 

F(X):((,Z5EP•X•)•l,125E0)tX+t~0)•X•X•X•XN 
F!IX)~C(l 0 5l0•X•X•U,5[0)•X+l,e)•X•X 

Ot;f3=! ,EC,/3,E0 
r~=.2sr01rLOAT(N' 
XC:O, .. ONE3 

I~ Dx:FIXO)/Fl(XO) 
xo:xo-ox 

., 

!F(A9!!D~),GT~t.£•8) GO TO 10 
SELF:((•O~EJ•~D•X0+2,E~)•XO•&~E0•0NE3)•XO•t,EP 
RETUA!j 
END 

121 

PAC.[ N0 0 l 

LMO un 
LMO 2131 
LMO 11'31 
Ll"O t llll 
Ll"O tl'll] 
LMO UH 
LMO 1~3'5 
LHO tBU 
L"'O \031 
L"0 Ule 
LMO 1039 
LMO 10Ull 
Ll'O 1941 
Ll'D 18112 
LICO 11'103 
L"O 100 
LMO 100'5 
Ll"O 1841, 
LP'O ,~a1 
Ll'O 1All8 
LHO 111119 
L"O 1050 
Ll'O 1051 
LMO U/52 
Ll'O li!'53 
LMO 111154 
LMO 1055 
~ro t051> 
Ll'O \051 
LMO 105~ 
LMO Jlil~9 
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22 

22 

zz 

Zl 
27 
IIZ 
57 
71 

133 
l 12 

RUN• 1117 0 11,/84/89 

C 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C ·c 
C 

C 
C 

t 
C 

SU~RGUTJNf. SLATE(COSTB ,ELOENB,NNUCB ,NRB ,NTB ,uoe 
I SINTB ,ZNUCB ,ZPOSB ,tRE&D) 

OJMENSJON COSTA(!) ,ELOENB(NR8,NTB),RADB(l) 
I SlNTB(t) ,ZNUCBCI) ,ZPOSl(lJ 

COM~ON /8ASE/CBC5,l5l,LBC5,15),~8(5,35),N8f8(5),NCENR,ZET8(5,J5) 

PURPOSE 
CALCULATES THE CURE ROOT OF THE ELECTRON DENSlTV 

DESC~TPTION OF PARA~ETERS 
C~STB•COSl NE OF THE THETA ANGLES 
ElOE1•'3•CUHE POOT OF THE ELECTRON DENS ITV FOR MOLECULE•8 
NhUCR•NUMBfR OF NUCLEI 
NR~•NU~efR Of RAOJAL DISTANCES 
N18•NUH H[R OF THETA ANGLES 
RA~6•RADIAL DISTANCES 
SI~Te•SINE OF THE THtTA ANGLES 
ZNJC~•NUCLfAR CHARG!S 
ZPO~B•NUCLEAR POSITIONS 
IR!AO:~ JF IT IS NOT NfCESSARV TO READ 1N iEW DATA 
su,RDUTIN!: USED 
liO'oE 

PA~AM£TERS TO BE READ ?N lf IREAD IS NOT EQUAL TO 8 
CARDI 

T! TLE (COLU~~ l CONTAIN~• 1 FOLLOW(D BV TH[ TITLE> 
CAIID 2 

NU~BER OF NUCLEI ANO THE NUM6ER o, BASIS SET CENTERS (15) 
CARD l 

NUCLEAR CHARGES (FIB.5) 
CAllD 4 

C[NT~QS FOR THE BASIS SET WITH THE rlRST PART OF THE ARRAY 
HAVING lHE CENTERS AT THE NUCLLI, (FIB,5) 

CARO 5 
NU14B[R or ~•SIS ruNCTJONS FOR £ACH CENTER (IS) 

caqo tt•••• 
PRJNCIPAL OUANTUM NUHBER,SUASJDLRV QU&NTUH NUMBER, 
RADIAL E~PONfNT, AN~ THE CO[FFICJEMT (215,ZF&B.5) 

IFC1REAO,EQ,0)GO TO 21 

RE&0(5,f.P.l 
Q[AD(S,BP)NNUCS,NCENA 
RlLD(5,q~)(1NUCB(IB),!8•1,NNUC8) 

Rl&0(5,B0)(N F. fBCIB),1Bal,NC[NB) 

WRJT[(f, 1 1,l'I) 
wRITEt&,81")(NBFB(IeJ,J6•t,NCENB) 

"Cl[ 11!) 0 

LHO 
LMO 
LMC 
LMC 
L~O . 
LMO 
LHO 
LHO 
LMO 
LHD 
LMO 
LHD 
LMO 
LHO 
L~•o 
LHO 
LMO 
LMO 
LHO 
LMO 
LMO 
LlfO 
LHO 
LMO 
LMO 
LMO 
LMC 
LHO 
L!'IO 
LMO 
LHO 
LHD 
LMO 
LMO 
LMO 
LMO 
LICO 
LMO 
LMO 
LMO 
LMO 
LMO 
LHO 
LMO 
LHO 
LMO 
LHO 
LMO 
LHO 
LHC 
i,HO 
LMCl 
LHO 
Ll~O 
LMC 

122 

&BU uu 
lhZ 
SIU 
1111;11 
ten 
101>11 
seu 
ll'll,8 
101,'I 
11!78 
11171 
1072 
U7l 
1170 
111175 
11711 
11177 
li.178 
197' 
1eee 
101.11 
11'111Z 
U83 
ue, 
tli!S 
UBII 
10117 
12&11 
1ee'I 
11198 
IP.'11 
1092 
Jl"QJ 
11"911 
UJ'l5 
19911 
10'17 
11'1911 
109'1 
1198 
111111 
1UlZ 
11n 
llilll 
1105 
111111 
1117 
11011 
118' 
1118 
1111 
1112 
llU 
1111 
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C 
C 

0 

!24 JCOUNTa0 

SLATE 

125 CO 11! I8•t,NCEN8 
132 
I lZ NRf :t1Af'1 CI 8 J 
llb WA!TE(b,15P)NBF,ZPCSB(lBJ,ZNUCB(l8) 
151 WRll£(!,11110) 

00 IA Kat,~BF 
lb5 
lbb If C JOiJNT •GT• 50) 1"11 l TE"( b, 7111) 
21'1'1! !f'(ICOU'IT.CT.Si>)JCO!tNTsl 
20U REAOC5,~~l~B!IR,K),LB(I8,K),ZfTB(lB,K),t8(18,K) 
232 le ~RITE<b,S0lNRCIE,KJ,LBClB,~J,ZET8(1S,K),CBCIB,K) 

C 
C 
C TAHUL•Tf THE ELECTRON DE"SlTY 
C FO~ ~OLECULE•B, 
C 
C 

2b4 20 00 G~ ~A•l, .. ~8 
2!,b 00 U~ ~1=t,NT8 
271 xc:ijA~6(NR)•SlNTB(NT) 
271 ZC•A~~P(~A)•COSTB(NT) 
271 XSQ~XC•XC 
271 OfNR2a,P1 
277 DO 30 IB2t,NCENB 
lP.0 tJRF=~~F!H 18) 
Ji',2 C.l 3:> K:t, NSF 
l~O z:ZC•7POSR(IB) 
liT R~sSO~T(XSQ+Z•l) 
l!U CTH[TR•Z/RS 
114 FF:t,~ 
lib IFCN8CIB,K),GT.t)FF:~9••(NP(l3,K)•l) 
lJb IFCL8CIB,K).GT.BlfF:FF•PN(LBCIB,K),CTMETB) 
35~ l~ OF~P.:OfNR+FF•(XPC•ZfTB(lB,~)•R~)•CB(IB,K) 
4Al 40 ELDENB(NR,NT):OE~S••,lll333l3ll3333 

C 
C 

.t 
C 

SP FORH&T(2IS,FIB,5,El4 1 7) 
1.,0 FOPHiTCGAH 

1 UH 
7n FORHAT(lH1) 
l!l' FOl>HAT( lbI'S) 
~r FOPMAT(~Fle.s, 

II'~ FrPMAT(IH ,ZI'S,2r10.5) 
ltr. FOl!Mtl(!l>!S) 
12~ FOQH&T(!FIP,'5) 
13P F~RHAT(F!0,S,ll5,F10,5) 
\q~ FOl>~iT(lHl',\X,IHN,QX 1 IML,11Y,4Hl[TA,7t,'5HC0fFF) 

PARK[RZ2UR 

!Sr FO~HAT(IHP,Il,!bM RASIS fUNCTICN~,lSM,Z•COORnJN•TE c,FIB,5, 
1 l7H,NUCL[AR-CHARGE •,F'S,l) 

PACE 1101 Z 

LHO 
LIOO 
LMO 
LMO 
i.HO 
LHCi 
LHO 
LIOO 
Ll'IO 
LMO 
LHO 
LM0 
l"O 
LHO 
L"O 
LHO 
LP'O 
LHO 
LHO 
LHO 
UIO 
L,.O 
L,.O 
t..HO 
Ll'O 
LMO 
LHO 
LHO 
Lt'O 
p•c 
LHC 
LHO 
L,.O 
LHO 
l,.0 
LHO 
LHO 
LHO 
LHD 
Ll'IO 
LMO 
LHO 
LHO 
LHO 
LHO 
LtolO 
LMO 
LHO 
LHO 
LMO 
L"'O 
LHO 
L"O 
Lio!O 
HOL,1 

123 

1115 
11111 
1117 
1118 
11141 
lilt 
1121 
1122 
1123 
1120 
11l5 
IUb 
1127 
1128 
112, 
ll 30 
1131 
1132 
I Ill 
11311 
1135 
11311 
1137 
l 138 
I 13~ 
ll411 
11111 
llU 
lllal 
11114 
11415 
llAt 
114' 
11118 
1111, 
ll5f' 
1151 
1152 
1153 
ll51 
1 I 55 
ll511 
1157 
1158 
115• 1ae 
llU 
IIU 
111,3 
llbll 
11115 
llbll 
111>1 
llU 

I 
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111'5 

C 
C 

END 

0 s1.:.TE '7b/011/A'I PARl<[RUUR PAC[ N_0 1 J 

LMO 
LMO 
LHO 

124 

1171 
tl'tt 
tl7l 
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Listing of SLAFIT and the subroutines that are used only by 
SLAFIT: DOT, F, LINEQ, LSTSQ, and VECSUM. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c · 
C 

C 

C 
C 

0 

SU8QOUTI~£ SLAflT 'IT 
FIT 
FfT 

USfS A LI~EAR LEAST SOUARES HfTHOD TO FIT THE ELECTPON DE~srr, fIT 
DIQfCTLY IN A LIN~AR COH~INATION OF SLATER RASIS FUNCTIONS 0 FIT 
GIVES THE NECESSARY PUNCHED OUTPUT fOR LHOLH0 0 FIT 

FJT 
FJT 

INPUT CATA FIT 
CARD I FJT 

TITLE (A TN COLUMN I FOLLWOEO BY THE TITLE) FJT 
CAPO 2 FIT 

NRf•NUHBER OF EQUIDISTANT ~AOJAL POINTS FJT 
RLAST•LAST RADIAL DISTANCE FIT 

CARO 3 FIT 
NQJ5•NU~8ER OF R1DIAL INTEGRAT?ON SEGHENTS FIT 
NTJ•N•H<SEP. Of THFU INTECR&TIO"' P!:lINTS FJT 
lREL=I If A RtLATIVE LEAST SQUARES HETHOO IS TO BE USED FJT 

CARO Q FIT 
NRIJ•NUHSfR OF POINTS TN EACH RADIAL SEGMENT 'IT 

CAPOS fJT 
RE•ENOING POINTS FOR THE RADIAL lNTfGRATlON FIT 

CARO e FIT 
tl'Jtf:••11_,.,SfP OF Nl!CLEl flT 
NCEN•~U~R[R OF BASIS SET CENTERS FIT 

r.&Rn T FIT 
ZPOS•~AST~ SET C[NT~RS NOT ON THE NUCLEI FIT 

CARO~ FIT 
~"FA•NU~B[R OF ~AS!S SET FUNCTIONS FOR ~ACH CENTER f17 

CARO•••• f!T 
ZErA•OQ~ITAL ElPO~ENT fJT 
LZ•PO~ER OF Z FIT 
LrSO•PO~ER OF X••Z+Y••Z FIT 
LR•POWER OF R FIT 

FIT nr 
OIHENSJON WT(•~l ,"R(l~0) ,NRJJ(Z~l,Rf(Z0) ,C(50) , 'IT 

I R(!0~) ,SINT(q6o),COSTC•~>,Z~UC(5A),BIS0J,A(5A,§8) flT 
flT 
FIT 

CO~MON /8L~I/XS0(G00A) FIT 
COMMO~ /BL~?/Z(U~C0) fJT 
~OHHO~ /BLKJ/LZ(,.50) FIT 
COMMON /BL~U/LXSQCSO) f!T 
COMMO~ /RL~S/LR(S0) FIT 
COMMDN /BLKb/ZFT&C5A) FIT 
COMMO~ /BL•Tl~,NCEN fJT 
cnHPJN /BLK8/RH0(U000) FIT 
CO~MnN /Blkq/NPOJNT FIT 
co~~ON /BL~l0/NBF9(5) flT 
co~~o~ /BL~l1/ZPOS(SO) FIT 

FIT 
OAT4 TOL/l 1 E•IA/ ,1T 

FIT 
'IT 

126 

z 
l • 5 .. 
' • ' 18 

11 
12 
lJ 
II 
15 
H 
t1 
u 
l'I 
ZB 
ll 
22 
2J 
21 
25 
21, 
27 
2B 
l' 
]I 
lt n 
33 
34 
JS 
JI, 
:ST :u 
l'I 
Ill 
41 oz 
II) 
II ., 
u 
Q1 
oe 
11'1 
51 
!I 
52 
SJ 
Sil 
55 
s• 
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RUN•ll!lT 0 SLHJT h/AII/Sq z11.11;.u PAIIK!RZ3PT PAGE NQ~ Z 
C READ r,. eAsn sn ,n 5T 
C FIT s, 
C ,n s, 

I CALL OAH(TOOAY) ,n ... 
'.\ C'LL TIHE(TVME) FIT 1,1 
5 '?ElD<5,lMl FJT u 

\I READ(5,2, P. )NPE,RLAST '1T u 
21 R[AOl~,l&~l ~R!S,~TI,JREL rJT "" :n 11r, n1s,!t.PJ IN°IJ(J>,J:1,NRIS> FIT 6S i.z RE'H>rs, 171'-l (~E(J),Jr:l,NRH) FIT •1; 
S1 RFA ~(5,2!0)NNUC,NCEN FIT ., 
bl NP t <:li NUC+ I FIT 1,8 
b3 JF(NP!,CT.NCfN)GO TO ll!l ft,' n 
l,t, R[A0(5,17~llZP 0S(J),JaNPl,NC[N) ,n n 
75 10 ~EA0(5,21Al ( ~BF6(1),1:t,NCEN) FIT 71 

1841 M:0 FIT "l'Z 
1A5 DO 211 Js!,.,.CEN FIT 1, 
II; 20 ~BF!3 ( 1) FJT 1" 
I I 5 FIT 15 
I I 7 ,;RITE(b,ll!l8) ,JT To 
123 WRJT£1b,211 0lTODAY f'JT 11 
131 WRli£(b,25il)TYHE FJT a 
137 WRIT[(b, 160) Fl! 1, 
1113 DO 30 t=t,H ,n Ill 
1115 REA0 (5,200)Z~T4(ll,LZCI),LXSQ(J),LR(l) FIT 8\ 
lbll 3r, W~ITFlb,200)ZfTA(ll,LZCI),LX5QCl),LR(l) FIT 82 

C FIT l!J 
C FIT 84 
C SET UP THE POINT~ AT WHICH THE F•T 115 
C ELECTRON DENSITY WILL BC CALCULATED FIT 81, 
C FIT 87 
C FIT ea 

207 NRl!II FIT '" 207 RIE•8~1! FIT ,e 
210 00 II?. -J:st,N'IU FIT flt 
213 FJT ,2 
213 NRJr>-:!II•NR!J(J) FIT 93 
211> CALL GLECEN(NRIJCJ),R(NRlP!),WR(NRJPl),Rl[,R[(J)) '1T Ill; 
222 110 RJf:Rf(J) 'lT fl'5 
Zi'b I FIT 'Jf> 
221> NRl<:'ll!t•Nlif ,n CJ7 
z;>t, DELTlR:CRLAST•RE(NRt5))/FLOAT(NR!) ,n 98 
234 00 50 J:NR,NRl FJT 0 
i>05 51' ,rT llllt 
251 CALL GLEGfN(NTJ,COST,~T,•1,B,1 1 3) FIT ll'l 
254 00 be t.:h I, NT I FIT IU 
256 bl!l SI NTCNT):SQ•T(l,P•COST(NT)•COITCNT)) ,n UJ 

t FIT IU 
C nr ti!! 
C CALCULATE ELECTRON O[NSITY o, Ti"E "OLlCUL[ FIT th 
t FIT U? 
C FIT lll8 

270 CALL ~HOMCL(COST,RHO,NNUC,~Rl,NTJ,R,SlNT,ZNUC,ZPOS,l) fJT l8' 
C FIT lU 
C P'JT 1 ll 
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IIUN•l117 0 SLArfT 71>/,,41/H 20,Jb,12 PAl!KE!tUPT PAI.! NQ, J 

C CALCULATE XSQ AND z FIT Ill 
C 'IT llS 
C FIT tu 

Jl"2 lei'! FIT 115 
li'!l no 111 NTat,llTt f1T 11' 
HS 

00 "' 
Nii• I, NR 1 FIT UT 

317 I•I•l f 1 T IU 
31 '7 •aD(NP)•S1NT(NT) FIT lit 
ll 7 ZfI):Q(NRl•COSTCNT) ,n 129 
317 70 ~SQ(Il.XH FIT 121 
327 NaM!J•NTl FIT ti!Z 
li!7 lCOUNTa:l'I FIT 123 
llc DO 113 FIT 124 
Hil l\l<s~ClN+l•J FJT IZS 
HII N'J'""8FB(KK) FIT 121> 
3110 Ml 1111 11'!,NBF ,n 12'7 
3117 k:"wJCCLINT f'IT 1211 
3417 'IT u, 
3a7 11r, ZP~S(~)aZPOSCKK) FIT UI 

C FIT tll 
C f'l T uz 

35b wRITE!f>,30:!ll FIT 13J 
l&?. ~RITE(b,2410)TOOAY FIT Uli 
'.\11! WR1T(!b,i!~0)TYHE nr us 
37b WRJTEC&,27~)t.lRJS,NRt f"lT 13a 
lll!b ~~l1E!b,2& ~)CR(l),Iat,NR1) FIT 137 
Ill 5 WRJTflb,28J)NTt FIT 1311 
1123 WRITECb,2be)(CnST(I),lct,NT1) f IT 13' 

C F:T tea 
C FTT IOI 
C DC A LEAST SCUARES FIT rn l4i! 
C FIT 141J 
C FIT 14141 

032 CALL LSTSO(A,C,~,11HO,N,I~EL,DEY,RDEY,TOL,JfR) ftT 1 QS 
C fIT tu 
e FlT 14' 
C WRJTE nut STANDARD DEYl&TJON ANO flt 108 
C THE RELATJVt OEVJATJON FIT 111, 
C fIT 158 
C FJT 151 

IIC:11 WRITEC&,29~)0EV,R0!V FIT l'5i! 
C FIT l '5J 
C FIT 1511 
t :)UTPUT BASIS p,; rTERHS Of' L[GENOP.! FJT !SS 
C POLYNOHJ&l,.S FIT 151, 
C FIT 151 
C FIT 1 '511 

li'511 KJI FU 1'59 
115'5 DO 9i11 lat,WC!N FIT !U 
1157 l'1 T lit l 
111,1! FIT IU 
llbll 91', ZPCSCl):rZPOS(K) Ftl l&J 
11'1 1>1RIH!t.,J90) FIT IU 
011 ~R!Tl(&,i?4~)TOOAY FIT us 
5Cli? ~RITt(&,i?50)TYHf FIT 10 
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511!1 
5t~ 
52, 
'5JQ 
511:; 
552 
5bl 

'571! 
SH 
'57b 
Ml! 
b04 
f>l'IQ 
b\1'1 
blll 
f>I 0 
e,'5 
b:SC 
bllll 
bllb 
1,41, 
l,Ut, 
bllb 
1,SU 
b7C 
71l5 
7~5 
71-'!5 
71'15 
71 ij 

727 
7111 
745 
7115 
7115 
1115 
751 
1bb 

ll'llll 
I lll'll 
ll'l'll 
li!:1!3 
111112 
ICl25 
1001 
10111 

10G4 

RUN•lll7 0 !ILAf"JT 

C 
C 

~?ITFC7,Jll0) 
~RIT~C7, 160)11:NIJC,NCEN 
WPIT£(b,l60)NNUC,NCEN 
wRIT!l7,170)(ZNllCIIl,hl,NNL'C) 
#RITE!~,l71'1)(ZNUCIIl,l2t,NNUC) 
"IR!TE 17, 171"1 C ZPOSI tl, Ist,NCE"') 
~RITE(o,171l!IZP0Slll,l•l,NCEN) 

WRITE'Cb, 220) 
DO 110 I•l,H 
IFILXS~(Il.GT~ll)GO TO 101 
IFCLZ!IleGT,l)GO TO 118 
N::LR(Il+I 
IFILZII),EQ.t)NsN+l 
L=LZI r> 
COE FF aC Cl) 
ZET=ZEU(I) 
WRITE(b,lllll)N,L,Zf.T,COEFF 
WRITt17,IUll)N,L,Z~T,COEFF 
GO TO l211i 

Ille N•l 
L:ll 
COF.Ff:2~1'1•CCI)/le8 
ZET=ZEU(l) 
•RITElb,IUl'l)N,L,ZET,COE,F 
WRITE!7,1110)N,L,ZlT,C0EFF 
Na} 
L"2 
COEFF:•2,ll*C(l)ll.ll 
ZET=ZETAC I) 
WRIT~lb,lllll)N,L,ZET,COEFF 
w~ITEC7,!110)N,L,ZET,COEF, 
CO TO 121! 

1 IC!' "•3 
L•e 
CO[Fr•t(l)/l~e 
ZFT:HU(l) 
~RlTE!b,lllll)N,L,ZET,COEFF 
WRITEC7,1110)N,L,ZET,COEFF 
Ntl 
L•2 
COEFFs?~ll•CC?)ll.l 
nT=ZEUIIl 
wRITEC&,lllll)N,L,ZET,COEFF 
wRilE(7,IU0lN,L,ZET,COEFF 

121'1 CONTI'IUE 
!lP CONT I NUE 
Ill"' FORHATl215,Ft0 0 5,E!11 0 7) 
15~ FOR~AT(fl~ 1 5,3I'5,F!0 0 5) 

P.ETUII~ 
lb~ FO~~&Tllbl5) 
17~ FORM&Tl~Ftl!.S) 
IE~ FOR~AT(\UX,~H,QW[~ c,,~x,~~ZrT,,bY.,l~?,lX,3HXS0,S1,IM~) 
10~·,o~~ATCFle.s,31'5,Fl~.5) 

129 

PAC.[ "'~• . 
FIT '" ,n tU 
FIT lf>t ,n IT! 
FIT 111 
FIT 17Z 
FIT lH ,n 1711 
FIT 175 
FIT lU 
P'IT 177 
FIT 178 
FIT tn ,n 181! ,n 181 ,n 182 ,n 181 ,u 1~4 
f IT 185 
FIT teo 
FIT 187 ,n 1611 
Flf I 8'1 ,n 191 ,n 1'1 
FJT t'l2 
FIT t'IJ 
FIT I 'IA 
,- IT 1~5 
FIT l •• FIT 1'7 
FIT I 'II 
!"IT l"' ,n 2611 
FJT 201 
FIT 202 
FIT Z0J ,rr zea 
FIT 2es 
FIT 2l'-II 
, IT 20, ,n 7.1!8 ,n ?l!CI 
FIT zu ,n Zll 
FIT 212 
FIT zu ,n 21• 
FIT 2U ,n l1' 
FIT 21'7 
P'IT 218 
P'IT 21'1 ,n ZZI! 
FIT 211 
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~U'l•l07 0 SL&fJT 71>/111/j/eq ze. H.JZ ,aPK[IIZ3PT PAii[ N0 1 S 

z~" FORM&f(Fl'-,5,l!Sl l'JT HZ 
ZIii FC\RM&T ( I b IS) FlT i!lJ 
i?,' 'l, FnR~&T(IH~,lW,tHN,GX,IHL,UX,GHZFTA,7X15HCOEFf) FU 221 
ZJl'I FC\RM~T(l~,FIP,5) FIT zzs 
z1n• roQ~&T(IM ,h~X,5NPATE ,A10l . FIT 221> 
?~ I' FO~~&T(\" ,&PX,SHTJ~l • •1~, FIT 227 
?bi> FOP.!"AT(5Ft2,5l 'IT Z28 ~1,, ,n~~,,c:H,,5H~Rl~~,1~,10x,4HNRI•,I5) FIT 22, 

"''"' Fnl•"LT( !Hli',~••NTJ,:, IS) FIT 231 zq ,, FORH&T(IH P,t,~ST&NDA~D OE~IATICN:,£14,71 'JT 231 
IH0.2r.M?fL&T!V1" STANOARC OEVl&TJON•,El4 1 7) FIT 2ll 

:urn FO~H&T(/1'1M FIT 233 
I 4AH FIT 231 

10115 [NO ,n us 
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RUl<l•lil7 0 7b/l'l~/09 Zlil.111.lZ l'ARICEAZ3PT PAGE '-0, I 

llO!JBLE PPfCI~lO"' FU~CTION OOT(A,B) F?T n, 
C FO~~S T~f OOT PRO~ UCT OF VLCTOR:,1 A ,~o & ,1, 51111 
C ll'E lfl<IGTH llf T"f VlCTOR~ U TRAN~"1IlTf.0 HT THE COMHON STATEM['-T ,n 'Sil 

t, Dl~ENSfOl<I '(l),8(1) , n '5111 
t, co~~ON /VECTr.R/ LIHIT,,ACTCA '1T 'SGIJ 
t, DOT c~.0t'Hl ,n SU • !TOP a LIMIT I FIT 5D5 

12 JF(ITOP.LT,IJ!TOP•I FIT 5H 
l'5 no I~ l=t,lTOP ,n 501 
22 Ill DOT a DOT+ i(Jl•S(J) FH sea 
3l RETURN FJT '511. 
JS ENI) rn 'Still 
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RUN•l07 0 71,/1114/l"CI Zll.le,lZ PUIK[QZJPT PAGE 'iO, J 

F'IJNCTJOI\I F{t,J) ,n an 
I, COMMO N /&Lq/XSC,(llt'll.'!2) FIT au 
e tQMM()N /BLK2/Z ( 01110) ,n •Ill 
I, C0 1"' :1 N /8L"3/L! 150) FtT IIBZ 
I, COM"ON /BLK4/LX5r.(~0) f'JT OJ 
b CCl"110N / AL.KS/i.R ( 50) , JT 084 
I, COM~ CN /RL~b/C(50l ,n 485 
I, C!1"" 0 1 /'IL1<7/M,N NL'C F'JT 1181, 
I, COM"10N /Sl~lt'I/NlC5) FIT ll!T 
t, COMMON /BL~II/Z~(5) f IT au 
7 ZC=ZIJ)•ZI;( 1l FIT 119' 
7 XSatS!l(J) FIT Gllf!I 
ll ,u nt 
a Fc!,e FIT nz 
ze IFCLZlt).GT,0)FsZC••LZC1) FIT G'IJ 
n Jr(LtSQ(IJ,GT,~)rcF•ib••LXSQ(l) 'IT 11911 
~b IF(L~Cll,GT, 0 )~cF•P••LR(JJ ,n 4'15 
11S F:f•EXPC•C(ll•Rl ,n G'lb 
S3 WETUIIN ,n 491 
53 END ,n ••a 
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0 PAP~[RBPl 

SUBROUTINf lINl~CR,C,N,M,TOL,ffqJ 
C SOLVfS !iP'llL UNfOU! Lit.lEA~ trWATIONS I\Y Nl 1'IERICALLY &UBLf. UMITAl1' 
C TP!ANGIJLARTZHION, 
C THIS VE~SION FO~ ~EAL EDU&TJONS 
C C IS THEN BY N C~~FFICI[NT ~ATRJX 
C R IS TH[ MATRIX or RIGH! kA~O s:oE~, WITH N ROWS ANO H COLUMNS. 
C ON PtTURN, R CONTAINS THE ~nLUTIDNS ~. ex ER 
C P•E ElfME!HS OF r 5H()l l l,.C IIE 5;:Au O IN HCH RO!oi so HUT 
t THE "AX!MUM ELtMfNT lh F.ACH RD~ JS A~OUT U~ITY 
C [ACH FC~ OF THE RIGHT HANO SIOlS SHOULD R! ~ULTIPLIF.D BY 
C THE ~AHF. FACOTR AS THE CORPf5PCN~l~G ROW OF THF COf.FFJClENTS 
C TOL lS A TOLfPANCE, fLE11f',ITS L£~5 Tl-iAN TOL IN HACNlT\IOE ·Hu !IE 
C NEGLfCTfO SDMETIHfS, 
C HR JS A>i ':RROR PARAHf.TfR, Cl:< l<ETUf'',I, lf l[liail, 1"0 EPROR, 
C IF IE~~ •I, ~O ~ES~LT BfCAUSE HOP N IS NClT POSITIVE 
C !• IfR K, ~ARNING, POSSl~L~ LOS~ OF SIGNI,JCANCE IN THE 
C K•TH COMPONtN!~ OF 1HE SOLUTIONS, ERRORS LARGER THAN TOL 
C MAY HAVE hftN !NTROOUCE0 0 

1" D!l<fN~IO'-' ((I), P.(I) 
lb OOU~LE PRECISION DOT,SSQ,SMAG,DlAG,S,SCALE 
11 co~~OH /VECTDR/LIMIT,FACTOR 
ti IF<H,LT,I) GO TO 10 zi lf.R: A 

C SET TOLERANCE Fn~ POSSl&LE LOSS OF ~OH[ ACCURACY )N RESULTS 
C T"! SI~GLf PFIECJSJO~ l<OUNOOFF ERROR FOR THE IBM lbil IS ABOUT 5 0 E•7 

20 DTOL: 5,E•1G/(TOL•FLC-&T(NJ) 
Z? i.s:;, :: N•N 
Z0 NMI : N • I 
?? NH~!• N•(M•l) 
20 NP! N l 
?A N•H 
l2 IF(NHJ)J0,90,Z8 
341 · 10tER::1•l 
35 Rf TUl!t,j 

C NfLfM POJNTS TC THE TOP OF THE COLUMN IN THE COEFFICIENT MATR?t 
C HHCSE SUPER•OJ&GQ>,iAL ELEMENTS BEING ELIMINATED BY THIS TRANS• 
C FQRHATION, 

lb 2A NfLEM s NSO • NH! 
3b NSHIFT a NSQ • N 

C THIS LOOP IS OVER THE COLU~NS OF THE COEFFICIENT HATRI~ C 
GI DO 6~ J:t,NM1 
GJ NSHifT NSH!FT • N 
u:; LIIIHI a: NELEI< NH! • I 

C THIS LOOP Sf•RCHt, FO~ THE FIRST SIGNIFICANT ELEMENT TO 6E REMOVED 
~7 ryo 30 J:N[LEM,LJHHJ 
5~ lf(A~S(C(J)l,LE,TCL) ca TO 30 

C THIS JS QtlCHED FOR THE fiqST SIGNIFICANT ELEMENT TD BE fLIHlNATED 
5¢ NSTA~T J 
55 GO TO 00 
5~ 3~ .CONTl,.UE 

C THI~ IS REACHED ONLY ;r A~L SUPER•DJ&GONAL E~EHlNTS IN THIS COLU~N 
t ARE •LPEAOY NEGLlGJBL[ 0 

I, I GO TC 110 
C FOR~ THE NORHALJZATJON FO~ THE UNITARY T~IANGULAAJJATJO~ 

l>l G~ LlM~I • LJ~HI • l 

P•r.E HSJ 0 l 

F,T 
,r, 
FIT 
,XT 
FIT 
rir 
FJT 
FIT 
rn 
f JT 
,11 
FIT 
p JT 
f IT 
f JT 
J!T 
flT 
FIT 
FIT 
FIT 
FIT 
FIT 
FJT 
f JT 
F JT 
'1T 
FIT 
FJT 
Fll ,n 
FIT 
FIT 
fIT 
fJT 
FIT 
FIT ,n 
f' It 
,YT 
fJT 
FIT 
FIT 
FIT 
FIT 
FIT 
FIT 
f IT 
FIT 
fIT ,n 
fIT 
FIT 
FIT 
FIT 
FIT 

133 

t31, 
237 
l38 
23" 
241 
ZIil 
i!42 
lOJ 
ZU 
j!U'5 
ZIii> 
2•7 
248 
209 
258 
251 
252 
Z5l 
250 
255 
?51, 
257 
258 
25'1 
2ftll 
i!U 
i!fJi! 
21,J 
2&0 
2115 zu zn 
21>8 
211'1 
Z7B 
211 
212 
27S 
210 
275 
l7ft 
277 
271 
27'1 
zee 
ze1 
2112 
UJ 
zeo 
2U ze~ 
28' zee 
z~• 
2tJf 
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RUN•lia'I' 0 'l'bllall/09 

bl L]MlT • LT~Hl • NSTART 
bQ ss~: DDTCC(hSlAPT),C(NSTART)) 
77 'MA~ :OSCRTfSSQ) 

101 OIAG: C!Ll ~MI) 
C r1x A PHASE FnR s, ~~lCM MILL GUARANTEE NON•YANlSHJNG DENGMJNATO~. 

110 S ~osJr,N(S~A<o,Ol&G) 
117 ,c-Lf & -1,ir.r.11:so+CJAG•Sl 
111 cr~r~~1, = s • DIAG 

r TRANSFQR~ T~f ~IGMT MAND SIDE! R "' MULTIPLYING ON THE LE'T 
t ~V THF U~JTARY MATRIX I • 2W MH 

ISij ~0 N~ c NSTART I 
1sa NLAST 2 NMHI 
Jb0 CO b1 J:~Q,NLAST,N 
!b2 FACTOP = SCAlf•hOTCC(NSTART),R(J)) 
202 b0 CJLL VECSU"(R(J),C(NSTlRT)) 

C TQANS~C~~ :ME COEFFICIENT ~ATRIJ 
217 ~LAST c NR NSMifT 
221 00 1~ J:N~,NLAST,N 
?22 FACTOR= SCALE•DCT(C(NSTART),t(J)) 
2G2 7~ CALL V~CSUM(CIJl,C(NSTA~T)) 

C f!X IJP DILG OlliAL ELEMENT 
2~7 CILIMHI) c •! 

C 'IND Nf~ PnlNTER TO [LEHENT AT TOP o, COLUMN 
2~2 80 NELE" c NfLEH • 

C SOLVE T~f lHlNSFGPHfC LINEAR EQUATIONS ~ITH LOWER TRIANGUL•A 
C COfFFJCiENT MA1RIX C, 

2bb 9~ LCOL: NH! 
Zbb NOIAG: 1 
2bb N~COL • 

C 1kIS LOCr !S ovr~ '"E ~~ws OF CO~PON~NTS 
212 on 220 t:1,N 

C FINO THE LAr.r.EST fLE~ENT lN THIS ROW OF THE RIGHT kANO SID!S 
271 NLtST z NHHI 
273 RHAX:?.~ 
275 on lAP J:J,NLAST,N 
277 R~AG:tRS(R(J)) 
331 JF(~ H4G~GT,RHAX) RHAX•RNAG 
J05 JAP CONTJN~E 

C SEl TOlf~ANCE FOR L~SS OF ACCURACY 
31i RlOL~~TnL•AH)N!(RMlX,1.a, 

t lf~T fO~ SINGULAR ~ATRIX 
3!~ TfST: ~es(C(NDlAC)) 
31& IF(•EST~GT,~,A) GO TO 130 

C ,~rs JS PtAtMEO If THE COEFFICIENT HATRlX lS SINGULAR. 
321 I HI WQ!lECb, 12:l) 

12A ~ORHAT(1&H !JNGULAR HATRt• 
331 OINV: 1,0E+07 
131 JFR • I 
351 GD TO lbA 
334 13~ IF(Tf.ST~GT,RTOLl~O TO 1se 

•~IT£C~,l~ ~l1 
!4 F- FO"HATl~JH nARNlNG, PCSSJijLE LOSS OF SIGNlflt&NC£ JN ,14, 

1 llH•TH COHPONfNTS OF T~E SOLUTlO~S, 
3~1 IER e ! 

C JNVf.RT TM~ OliGONiL [L[HENT 

FIT 
'1T 
F !T 
f IT 
PH 
,: ! T 
FIT 
FIT ,:1 
f;:T 
r:r 
,rT 
rn 
FIT 
FJT 
;;T 
FIT 
Ft'r 
f IT 
FJT 
FIT 
,:YT 
fJT ,n 
'IT 
FIT 
FH 
flT 
"1T 
F'Jl 
FIT 
flT 
FIT 
FIT 
FJT 
FIT 
F 1T 
FIT ,n 
FIT 
FIT 
FIT 
flT 
F lT 
FIT 
FIT 
FIT 
fJT 
FIT 
FIT 
FIT 
F.T 
FJT ,n 
f'JT 

134 

l91 2•z 
zqJ , .. 
~95 
29• 
l91 
2U 
29• 
Jill' 
'lei 
!ill 
JU 
)011 
:us 
31l• 
307 
JU 
30'1 
310 
311 
312 
31J 
31' 
lt5 
31' 
31'1 
3:t! 
JU 
321 
lll 
122 
3lJ 
3211 
325 
lZ• 
327 
328 
!i?'f 
ne 
lll 
Jll 
J33 ua 
335 
33b 
331 
331 
n• 
3110 
J4l 
llll 
JO] 
3411 
)115 
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3SZ 

37b 

111'12 

C 
C 

C 

C 

C 
C 

C 

C 

C 

0 7!>/04/119 l'ARKERZJPT 

1~0 OTNV s t,~/C(NOIAG) 
FfhD T~t LAST SIC~IFICANT fLEMFNT IN THIS COLUMN or THr cor,,tcI[NT 
MATRIX C, 

IM' NP • NBCOL 
NLCOL•LCOL 
JF(LCOL.LE,AlNLCOl•I 
00 17~ J:t,NLCOL 
IF(AijS(CCNP)),LE,TOLl GO TO 118 

T~Is rs Rf,c~ro rn~ THE LAST SIGNIFICANT EL!~ENT IN THIS COLUMN 
LIMIT• LCOL • J 
GO TO 1~1! 

I 7? ~JR : NP • I 
TMIS IS RE•CHEO ONLY JF THERE ARE NO SlGNfFJCANT SUBOJAGONAL fLEMENTS 

LY"'•If : •I 

T~Is lO~~ ts OV[R THE COLUMNS OF THE SOLUTJON 
18f NL&ST: t ~MMI 

no lt~ J:I,NLA5T,N 
SOLVF FOR l COHPO~ENT 

~CJ): R(J)•ntNV 
lLIMt~ATE THIS CGMPr~ENT FROM THE REMAINING EQUAll0NS 1 !F(L1M!T)2!r,tQ0,2)A 

19~ ~CJ+!) • ~CJ+!) • 
:;o TO 21'! 

2An FACTOR: •R(J) 
C£LL VECSUM(R(J+ll,C(NDlAG+l)) 

21~ C!l,,.TJIWt 
N~~•r. = ND!Ar. NPt 
N~CO~ 2 N~r.OL N 

22A LCOL: lCOl • 1 
SOlUTlON NOW CO~PLET[ 

.l(TU,IN 
END 

PAG[ h0 1 3 

'IT ,n 
rn ,n 
fJT 
FIT 
fIT 
FIT 
f Il 

"' FIT 
f?T n, 
fIT 
FIT 
FJT 
Fll 
f'Il 
FJT ,n 
FIT 
FIT 
FJT 
fl'T 
FlT 
F:T 
FIT 
r;r 
'IT 
Frt 
FIT 
FIT 
F!T 

135 
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0 1f>/0Q/Bt 

SURROUTINE LSTSQ(A,B,M,Y,N,JREL,DEV,ROFY,TOL,l[Rl 
C 
C 
C PURPOSf 
C • Lf~flD LlAST SQUARlS SURROUTJNE, 
C OEIC~fPTIOq OF PtQAMETERS 
C A•MATRTX TO StT UP THE LEAST SOUARfS EQUATIONS 

PUKE~ZJPT 

C u-vECTOR FGR TM[ Ll•ST SQUA~ES fQUATlONS ON RETURN 8 
C CONTATINS T"f LINEAR COEFFICIENTS, 
C M•-;!IMB[ ll OF flASIS FUNCT10'-S 
t Y•ARRAY CONTAINING THl FUNCTiONAL VALUES TO BE ~IT, 
C N•NUM~Ell OJ POINT5 TO BE FIT ~ 
t !Rfl:I IF T~E -LEAST S~UARES METHOD ~ILL ~E PREFORMED ~11H 
: RELATlYE ~EIGHTJNG 
C OEY•RESJLTANT STANDARD DEVIATION 
r RD~V•RESULTANT RELATIVE STANDARD 0£VIATION 
C TCL•THE ntSIRfD ACCURACY WANTED, 

J[Q•RfSULTANT ERROR PARA~ETER FOR A DESCRIPTION SEE LINEQ 1 
C FUNCTION L~V SU~ROUTlN£ RlQUIREO 
C FU~CTION f(I,Jl •MICH CONTAINS THE I•TH FUNCTION AT THE 
C J•TH POINT, 
C L ti;EQ 
C 
C 

C 
22 LO~ICAL TEST 

C 
C 
C INITIALIZE A ANO 8 TO ZEO, 
C 
C 

25 00 10 Jct,M 
27 8(I)sA,B 
!~ 00 ll' Ks:1,M 
37 tr. A(K,Il•A 1 8 

C. 

C FOR~ THE LEAST SOUARES SVSTEHS Of 
C EOUITIONS 
C 
C 

IIT 00 Zl' 
50 
St lF(TEST)Or.~J•t,e/YJ 
S! !F(lfST)YJ,t,C . 
f>~ 00 2~ Jct,H 
~? FfJ:F(J,Jl 
b" rrcTEST)FJJcFJJ•O~YJ 
73 
T7 00 Z~ 

1ea FKJar(~,J) 
102 lF(TfST)FKJcFKJ•OOYJ 

PAC!'. M?, 

f JT 
FIT 
, IT 
FIT 
f IT 
f"JT ,rr 
FIT ,,. 
nr 
FIT 
FIT 
FIT 
fJT 
f"JT 
FJT ,n 
FIT 
FIT 
FIT 
FIT 
fJT 
FIT 
'IT 
FIT 
FJl ,n 
F 1T 
f'IT 
FIT 
FIT 
FJT 
f IT 
FIT 
FIT ,n 
f"IT 
FIT 
FIT 
fJT 
''J'T 
FIT 
FlT 
rn 
nr ,n 
FJT 
FIT 
rn rn 
rp 
FJT 
rn 
FIT 
FJT 
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n• 
3118 
let 
lei!! 
J8J 
JU 
:ses 
JO 
JIIT 
JH 
Jet 
JO 
JIil 
l~i! 
JU 
J'III 
J'I~ 
l'I• 
J97 
JU 
l"' 
001 
081 
Qflli! 
110] 
1104 
Qe'5 
40 
Ql!1 
1188 
IIBt 
11111 
.:i 11 
G Ii! 
lllJ 
11111 
415 
111• 
1117 
11111 
41t 
'1211 
121 
llcZ 
ll2ll 
Qi!!I 
OZ! 
112• 
ti21 
1121 
112' 
lj'.5e 
lilt 
C:Si! 
IIJJ 
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lit 
I I 7 

133 
!lll 
115 
1113 
151 
157 
lb7 

sn 

2'03 
~01 
2~5 
212 
Zl2 
212 
2lb 
220 
B3 
2:H 
237 
240 
i'llt> 
252 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 

ZU 
Zbl 

0 lSTSO 

Z0 A(l,K)sA(K,1) 

DO OP. I•l,H 
AMA,al1 0 1!1 
DO 111 J•l,M 

?b/1110/H "'AAIC[lllJl'T 

MH'E. THI: MOl'1UH OF EACH RO~ EQUAL TO 
UMtTY J~ AbSOLUTt VALUE, 

JP, ,MAlslHltl(lMAW,AB$(A(l,J))) 
8Cl)&8(I)/.lMAX 
DO 110 J•t,M 

00 ACl,J)aA(l,J)/AHAX 

SOLVE THE LINEAR SYSTEM o, EQUATIONt 

CALL LJNEQ(B,A,H,S,TOL,IER) 

OEV•lll~e 
IIOEV:f!,l'l 
OD bl' J•t,N 
YJ:Y(J) 
ODYJS~:1 1 0/(YJ•YJ) 
SU!'!:0,0 
DO 5e Ii:l,M 

50 
DJFS~•CSUH•YJ)••Z 

b~ ROtV:QDEV•DJFSP•ODYJSQ 
OOXNst, .. /FLOATCN•l) 
nEV:SQRT(DEV•OOXN) 
~OEV•Soqr(ROEV•ODXN) 

RETURN 
END 

CALCULATE THE STANDARD DEVJATJO~ AND 
THl RlLATIVE OEVATION 

PIG( 1111), Z 

FIT 
FIT 
FIT 
fIT ,n 
'11 ,n 
fIT 
FIT 
fJT ,n 
fJT 
f'IT ,n 
FJT ,u 
FIT 
FIT 
FIT 
FIT 
FIT 
fIT 
rIT 
FIT 
FIT 
nt 
FH ,u 
FIT 
FIT 
FIT 
FIT 
'IT 
FIT 
FJT 
FIT 
FIT 
"IT 
fJT 
l'IT 
FJT 
FIT 
FJT, 
fIT 
FIT 
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OU 
an 
U• an 
Ill 
IJt 
4111 
441 
IIOZ 
GU ••• u, OIi. 
0111 
1111 
aot 
1'51 
1151 
G5Z a,s 
4'511 
155 as, 
057 
11'511 
459 
111>0 
llbl 
IIU 
OJ 
llbll 
165 ... 
067 
llbll 
1169 
071 
011 an an 
1171i 
1175 
476 
1177 
1111 
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PUN•l07 0 PHll<[RZ3PT 

SURRnu,r ~r V[CSU ~ (A,B) 
C ADOS fZ t TDP•B TO&, ~HE~! i AND 8 &Pf V[CTOR8 OF LENCT~ LI~lT 1 

b /V[CTO~/ I !•IT,F&CTOR 
b Dl~E >SJO N &(1),b[J) 
I> IT QP • LlM!t : 
7 1rrt!G~,LT,l)JTCP;1 

12 on, ~ l=t,lTDP 
17 tr &!I) 2 &CI)+ FACT O~•BCJ) 
22 ~fTU~N 
23 l!'IO 

'JT FIT 
'IT ,n 
FJT 
FJT 
FJT ,n 
f JT 
FIT 
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511 
51Z 
5U 
511 
'515 
5111 
511 
518 
51'1 
Sell 
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Listing of subroutines that are used by both LMOLMO and 
SLAFIT; GLEGEN, RHOMOL, PLM, and REP. 
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Ill 
111 
11: 
I 11 
l 'l 

C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0 PARKERZZUII 

SURHOUT?Nf GLtG[N(NPT,XPT,WHT,A,8) 

PUl?PO~E 
SUDVLI[S THr GAUSS LEGENDWF ZERO~ A~D WEIGHT$ 

OEStll!PTTCN Df PjRlMETfR~ 
MPl•THF OF POINTS DESJ~!D 
V~f.01'S!11 U NT LQfHY tmJHIN!'-lG TMf r;Auss LEGENDRE" ZEROS 
~MT.RfSUL:bNT IR~•v C1~Tll~!NG THE GAUSS L(Gt~ORE WEIGHTS 
A•LCWER LlMI! nF THE !NTfG~A,tON 
~-THE UPPF~ L!HlT or TNf JNTfGRAllDN 

SUS?OUTJN~S AND fUNCTION SU8PRCGR4HS REOUIREO 
NCN[ 

M[Tr!OI) 
Wll!TTfN BY SHt!.F>O•; G:JffN MOO IF J!:P RV G, A, PARKER 
ALL ZfRDS ANO ~Elc~rs CALCUL4T[O ON THE IBM 7e3f 
ST~ETCH USING DCUOLE PPECl~ION (12! BITS) 

PT~[~,JON XPT(l),WMT(l) 
DlMt~SIDN Xl!IIIU),~(1144) 
DT~(~S,ON i2(1),w2(1) 
Dt~f~SION X3(~),~1C2) 
DJMf~S!ON Xn(Z),~11(2) 
,r·~~-,!r~•J xsc1,,~st1, 
~!Mf"IS!O~ Yb(3J,Wb{3! 
DtMf~S!D~ ~7(4),~7(~) 
DJME~SION xec~,.~B(ij) 
Jl~fNSJO"I XQ(S),wq(S) 
O!"t::SJON l. le(~l,W10(5) 
DIME~S!O N Xllib),Wt1(b) 
Dl" [~S?O N 112!h),W!Z(b) 
~J~(~~; nN ~!:(7),Wt3(7) 
D!ME~S!ON Vl~(T),WIG(7) 
01~E~s1n"' 1:s<~,.~1ste> 
DIMf~Sl~N ~lb(~),WJb(B) 
DJMf~SION X17(Q),WJ7(Q) 
OIMF~STON Vl81QJ~Wl6(Q) 
D!M~~SJO~ ll1(t0l,~1~(10) 
OT~fr 'SIC•I nn10),1<?0(10) 
M"'f '-' SJr"I 121(11),~.ztctt.) 
DI"E~StD~ VZ2(11),~?2(11) 
Dl~[~S!D~ Xl3(12'.,W23(12) 
~!"E~~!ON x;>uc li'l,loi2ij(IZ) 
O!Yf~S10~ )25(!1l,W2~(13) 
o:~c~S!C~ 12o(!ll,•2b(11) 
DlM[~SJCN X21(!~),W2i(JG) 
c,~r ~s,~~ x~ic1~J,w;,ec1u> 
Cl~f .. ~!nN X2Q(\~),M?Q(15) 
D!Mf,;!ON X~~(l~).~30(15) 
r,r"E'-S!l'.I" XJI ! !b),Wl! r1i., 
OlMl~JJO~ Xll(!~),WJ2(11o) 

PAGE N0~ 1 
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11 u u 
II n 
Iii 
11 
I& 

" za 
21 zz 
2l 
211 
ZS 
Zfl 
27 
2& 
2, 
38 
ll 
32 
ll 
3C 
35 
lll 
37 
39 ,. 
~0 
0 
112 
0:, 
04 
t5 .. 
117 
ae •• 511 
51 
sz 
5J 
51 
55 · 
51, 
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141 

RUN•lll? 0 GL£GfN 7t,/llG/eq 2~. u,n PAl!ICfRZ2UR PAC:[ 'tO, l 

t" r,J 1,5 I i'lN OH I 7>, 1,31( 17) HOL .. 
I a X31J ( I 7), W 111 ( ! T) MDL 111 
I a Ofl'['lSTOti X35(!1'),W.S'i(I&) IIOL u 
I~ Cl:•[ 1,5 I ON Obl!5),wl/,(l8) IIOL e,q 
Ill D!"E"S ro ,; 07Ctl1J,i.J7(1q) MDI, 79 ,~ DI~f . ... ~TiJ~I X:S~( !'ll,~l!!(IQ) HOL 71 
IU orl'n.' !!')•1 XJ"(ci'l,.,l'l(2i'I) HOI, 12 
Iii r, ! Mft,5 i ~JI'~ Hl'(j>l'),W41'!(29) 1'0!,. n 
Iii r, T "~ '• !\ r r~ H!(i'll,Wlil(21) MOL 711 
I Ii OJk~"'SfO'J Xu?(;>ll,IIOZCZ:) IIOL 75 
14 r, r 1-'f r,.; 1 r,1,; XUJ(2Z),,;113(U) MDL 7' 
! " D ! -1:: 'JS 11'.'1" XL1~(22l,,.Oli(ZZ) IIOL 77 
!Ii ::i t:'E t,5 r o,; x~~l?l),i.:US(c?l) 1101, 78 
111 n!~E~s:ON kM,CZ .~1,Wli!,(23) IIOL 7q 
\Ii !'JTMf'l:ilCII, XU7(21ilo"'47C2G) MOL u 
I a Dl"["'STCW XLl~(?.u),Wli8(2Q) HOL 81 
'Q nJ><F."1S!O N x•n (25), wa•H 2'i) MDL 82 

'" C,!flit~ 1,~7r,N tt; r~ (75J,i,seCZ5) "DL 8l 
'11 cr,..n,s10,; t'>i (c:t.l,1'51 !2&) HOL 811 
111 O!Mf"ISIC>I X'i?.(?I>) ,W«;2(21>) MOL es 
Iii Ol"'Et..St'J~ ~',J(?.7),,,53127) MOL 81, 
14 OI~i:NSJOt. x•;a I ?.7l, 111\4( 27) MOL 8T 
Ill OI~Pis, 0>1 xs,.r;a1,wss<2e, 1'-0L u 
\ll 0T"E"5ll'.'l>I X51>!.>l'),lo.5b(28l IMQL n 
\Ii !H~ENS,f'l" xs;c2,),.:s1tZ'I) NOL. 'II! 
I u CP'~N~: tot: XS8Clq),w58(?.9) MOL ''1 
\~ i, I " [ ' IS I :l"' Y.~ql"5<ll,.,S'HlB) MOL '12 
I~ l)T"f-"'srnr. x;.,H 31'), Wt,1'!( ,e) NQL '13 
I Ii :1J l CN • .,1(31),lflt,\(lJ) l<OL "' 1 IJ OJM!cliSTO" x1,2t,1l,~!>201> •OL q5 
14 o ! !-'E!~5 ! Ott! Xc,3( 32), lif:>02) "'OL 

q. 
\II O!>lf\SJON Xn~(~2),Hb40Z) MOL '17 
l~ :; I "\ENS I CN XoPt(lill),i,;l'iJ(l!3) HOi. 98 
: a OIME>.;s:oN X'll,(116),wqi,(48) "C'L 9'1 

C ftOL 11!19 
C i"OL se1 

I 4 fQlll\'ALENCE (X2i I), X ( t)),CW2(1),>j( t)) l'OL 10Z 
!IJ [QU!VALfNCtiXl(l),X( 2)),CWHt),W( 2)) MOL tl'IJ 
\ IJ [PUlVAL[NC~(lQ(ll,X( Q)),(1"1J(I), ·.,'( 4)) HOL 194 
!ll rnuIVAL[h~~i X5 (1),\( b)),(io/5(1),H( f,)) "OL U5 

:l f(;tl!VALf.NCE"r ~c, ( I l, ( .,.,. O)) .-oL ie• 
I" rn~lVAL£>.;:E 11 7(!J,Y( 12ll,P•7(tl,w( 12)) l<OL 107 

'" f P l•'. V • L f"i C: f (;, '>' ' ) , l( ( I.,)) ,I w,;( I), l,j( I&)) "0L H'8 
111 EQUiVALENC[(xqc:1,x( 211) .), (iiQ( I), W( 20)) IICL 109 
111 fDUTV•LfijCf(X:rc:l,1( l5 l l , I,; l ii I l ) , II C 2"5)) NOL IU 

'" E QI I l', Al ["'CE ( I I : ( I l , X r 31,)), /1, I I (I), W ( 10)) IIOL 111 
IIJ E0d1VLLP!Cf.l XI ? ( 1 l,XC ~l>l l, C « I? ( 1 l, 11 ( !b)J IIOL IIZ 
IU [Ql1J '•lLF...,•Cl. {X~ 3,C i),)"~ 02)),("'!3(1),•I( 4Z)) ~CL IU 
Iii Er. t; I'./;'- f t~( C C 1 C ) • Y. C /J~J),(~1~(1),,1( U9)) MCL 1111 
Ill fP~IV•LE~C~! • l~lll,l( '>bl'., (~It;( I), W( Sol> l<OL 115 
10 EG ~ 1VA~( ~(f (l!•l1),~( t-.:i)), (~I 1,, I), WC f,lj)) l<OL 116 . , Dc •I '<ALE~C[, ti T( ! l,~! 72ll,t~:7Ct),o1( 7Z)) MOL 111 ,~ 
Ill ECll'IHU: N, U Ylf.CI l, XI ~\:), (;.,11'(1),W( 8!)) HOL ll8 
Iii fOUl~ALf~: E CXl~(ll,XC 111' ) I,< w 1 a ( I l, W ( '19)) l'CL I Iii 
I~ [~~tV•LE~C~(Kl~(ll,X(l~0)),(WZ0(1l,W(IB0)J MOL Ill 
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0 GLfGEN 

EDUJV&LENCEIXZICJl,XCIIBJ),(W21Cl),~ClJ0l) 
f~UJVlLENCf(X22Ctl,X(lll)),(W22(1l,W(l2l)) 
EUUJV&LE~CE(X2l(l),X(l32)l,(W21Cll,W(Jl2)) 
[QUIVALfNC((X2U(l),X(IUO)J,(W24(!),W(J44)) 
EOU!VALENCf(X251tl,X(l~&ll,jW25(1),W(l5&)) 
f. DUIVlLE NCl CX2olll,X(lh'1l),(W?o(ll,~(1b'1)) 
£DU!VILENC[(X27Cl),Xllij2)) 1 1~271l),W(JB2)) 
f Q1J I VA LE NC E ( 1?11 ( 1 l, X CI 'lb l l, (,; 28 ( 11, W ( I 'lb l) 
EDIJIVALf:PICf 02'7( I), X(?.ll'll), IW29( 1),W(211!l) 
EDUlVAL[NC l lX3~(1),X(22<;)),1~10(1),~(225)) 
EDUIVA Lf ~CECX]I C!l,X(240l),1~11(1l,W(2G~)) 
f OIJ!VALfNCE ( Xl?.( I), X ! 2'ibl l, (W32( I), 111(250) 
EDUIVALENCE(XJ3(1),X(~72JJ,(WJ3(1l,W(212)) 
fQUIVALENCE(Xl~ll),X(?e'l)),(WJ4(J),w(289)) 
fQUlVALlNCE!X] S (Jl,X(J~b)l,(W35(1),~Cl0bl) 
f~UIV&l[NCE(XJ&(Jl,X(342)) 1 (W3b(J),W(l2Q)) 
lQUIV1L[N[(IX]7(1),X(]Q?J),!W37(1),W(l4?)) 
E!ll! I VALENCE C l(31J 11 l, XO& 1 l l, C, l~ (I),~ Clot>) 
fOUlVlLENC[(X]Q(ll,X(lll~J),(WJQ(1)1WCl80)J 
l QIJ IV AL f.. 'IC f ( X a,, C I l , X ( Ul'0) ) , ( "4 0 ( 1 ) , W ( 41111!1)) 
EQUlVAL[Nrf(JU!(l),X(U20)),(WQ!(t),W(Q2~)) 
FDU!VALENC[(XU2!1),X(UU1)),(WU2(1),W(44I)) 
[O UIVAL[~Ct(JU1(1),XIUb2)),!N4l(J),W(Qb2)) 
E~UIVALENCE(X4U{ll,Y(U~4l),(WQ4(!),WCG84)) 
EClllvALr NC[( XiJ5( I), X ('i'.'b)), (WQ5 ( 1), W(Si!o)) 
f~U!VALlNC[(~Ub(ll,X(52'1)) 1 (H4b(1) 1 W(5~Q)) 
EnUIVALENCf(XU7(1),XC552)),(WQJ(l),W(55Z)) 
fCUIVAlfNCfCXURC!l,XC'i7b)),("48Cll,WC57b)) 
EQUIVAL[NC[(X~~(l),X(b~~)),(~4'1(1),W(b~~)) 
£QUIVALfNCFIX5 1 !1l,X(•25)),(W5P(IJ,W(b25)) 
EnU!VALENC[IX'it(l),X(b5~)),(WS)(!),W(b50)) 
Er.Ul VALE NC[ C xs;,c I l, X ( 1176)), ( W52C 1), W(bTb)) 
fall! VAL~ NC( I X5' ( I ) , X C 7 i'!2)), ( i<'i3 ( 1), W ( 702)) 
EOUIVLLf NCE,~5U(!),~(72'1)),(WSac1>,wc72QJ) 
EnuI~LL!NCE(X5 ~ (1l,X(7~~,,.cw55(1),W(15~)) 
EOV!VALfNC[lJ5b(l),X(7R4)l,CW5b(l),W(78D)) 
FnUIVALENCE(X~711l,X1812l),(W57(1),W(812)) 
EOU!VALfNCf(X5~(1),X(a41l),CW5ft(l),W(841)) 
[QU!VALENCEl~~'7C!) 1 X(870)) 1 (W59Cl),W(B70)) 
ECU!VALENC[(kt,P(!),X(q ~111,,,c w,~c1),W(9A0)) 
EDlllVALENC[CXb!Cl),X('IJCl),CM1,1(1l,W(QJ0)) 
fr. ilTV.IL[ "I C[ 0>,?( l), X ('ll,j)), (Wb2( l), W('lbl)) 
EOIIIVllENC[ (\'i,]( ! l, XC'l'12)), ("b3( I) ,WC<l'12)) 
f r.u l V l LE NC~ ( X o Q ( I ) , X ( I f'i' ~) ) , (Mt, U ( I ) , W ( I i.'2 Q)) 
EOUI v,u: Nr.U Xllll( I>, x C !i'Sb)), C MBlil I I l, C f05b)) 
fQ UIVALE NCE(XQ&(l),X(l0'1ft)),(WQb(ll,~(l0'1b)) 

PARKERZlUR 

C • • • • 
C,.,,,ARSC!SSAS ANO WfJGHTS FOR THE GAUSS LlGfNOR[ INTEG~AT!OM OROER~2 
r • • • •. 

c ••••• 

DATA 

CATA X3(1)/,0A~~PP~PAP00~~E ~A/,~3(!)t.88~88~e~8R~eBa[+0r.l 
DATA 

'-'Gf: N9e J 

MOL 
MOL 
NOL 
MOL 
MOL 
MOL 
NOL 
NOL 
MOL 
NOL 
NOL 
140L 
MOL 
NOL 
MOL 
MOL 
P,OL 
NOL 
NOL 
MOL 
IIOL 
MOL 
MOL 
MOL 
NOL 
MOL 
MCL 
IIOL 

MOL 
M(IL 
H:lL 
MOL 
MCL 
MOL 
MCI. 
t'Oi.. 
MO~ 
t'OL 
MOL 
MOL 
NOL 
MOL 
MO~ 
M~(a 
MCL 
"OL 
!<Cl 
"OL 
1401. 
!40L 
"0L 
l'(:1,. 
MOL 
MOL 

142 

UI 
121 
IZJ 
f2G 
125 
126 
121 
1ze 
129 
130 
Ill 
132 
l3l 
130 
U5 
t:!b 
131 
Ile 
13'1 
IOI! 
141 
1112 
1111 
IIIG 
145 
1Uft 
107 
108 
111'1 
150 
151 
152 
153 
1'54 
15S 
15ft 
157 
151 
15' 
1U 
1~1 
l&Z 
IU 
IU 
1&5 
l .. ft 
UT 
lbS 
lb' 
118 
111 
172 
171 
174 
11S 
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D CLECtll PUKt:IIZZUR 

c~.:,~ c •••••• 8SCIS3AS •NO wEtr.HTS FOR ThE GAllS! LEGENDRE INTEGIIATIO~ O~DERsQ 
c ••.•• 

c .. 
o•T• XO(lll.l,99At003Se~rsl•0P,/,wQ(ll/.bS2t05t54eo?~4E+00/ 
OAT& XU(Zl/,8bl!3b3115q~~5E+nr1.wo12,1.3U7A54805!3745E•00/ 

c~ •••• -~sc1ss,s •No WEIGHTS FO~ lHE GAUSS LEGENDRE INTE~RATIOM ORDER•1 
C • • • • 

OAlA 15(!J/.000Ar~0e0~0~r~~ 0n1,w5(1)1.~0AA~AA8888868E+30/ 
DATA X~(i)/,53&1b93!Jl~56Pl•0,/,~5!2l/•478&28b700q93bE•00/ 

c~.~--
DATA 

c, •••• •~sc1ss1s ~ND WEIGHTS FOR !HE GAUSS LEGENOP[ JNTfGIIATION OR~ER•b 
C. ••••• 

C ·.I~ •• 

DAT& Xb(llt.z3ei1q1e&A83?~E-ee,.~~(l)/.0~79tlq)a5T2b9£•00/ 
DATA 
DATA XhC3)/,932Ub~51020315f+00/,Wb(J)/,111324~qz379IJl•00/ 

c.,,.,ABSCISSAS AND WEtGHrS ro? THE GAU3S LlGE~DRE !NTEGRATION ORDER•7 
C • • • • • 

c~.~~. 

nn, 
DAU 
.DAT A. 
OAH 

-~7(\)/,0000~P0~000~~~f 0A/,WTll!/~Ut7°59163bTl4TE•00/ 
X7(2)/,U~5~•~15!377UAE•PA/,~7Ci)/,3et830~5050512l•~0/ 
x1c31,,1~1s1:1~~~qq3qf,~n,,w1c3J1,z1q1e5391ae9z~E•00/ 
~T(O)/,qgo101q123427~E+0ij/,~7(U)/,12qus~9bblb867E•001 

c •••• ~ARSCISSAS AND WEIGHTS FOR THE CAUSS LEGENDRE [NT[GRAT[ON ORD[Aa8 
c •• •• 

C ~.: •• I 

DATA X8(1)/,IA3U3Uh02Uq~b~~-C0/,W8[l)/,3b2b8378J3783&E~001 
OATl X8(2)/,5~SS,2U099lt3~t+~ c ,.~e(2)1.3137Zbb0~87788[•~0/ 
DATA X8[3)/,7qbbb~G77U\J~2!•0D/,~A(3ll,2223&10lUU5337E•00/ 
OAT~ X8(Ull,9h0?8q8§&U9753L•0A/.~ft(4)/,le122es1~2903ar.001 

c ••••• ,esCISSAS A~D ~EIGHTS FOP. THE GAUSS LEGENDRE INTECRATID~ OROERa9 ,. . ......... 

c~ •••. 

CATA 
CATA 
DATA 
C,ATA 
DATA 

X9(1)/,0A0~~~0e00e~0rE e~i,W9(1)/~3l02l935500l2bE•00/ 
X912)/,32~25~~2la03Stl•0P/,Wq(2)/•3123G70770UP00E•01/ 
X9(3)1,bt337t03270~Sq[+~e,,wq(3)1.2o?bl"&ObU02~3f•00/ 
X9(Q)/,83b"3!1"7l2b&J~•PP/,~q(u)/•l80b08lb0bqqa&E•00/ 
X9(5)/,9b8lb~239S~7e2l+f;0J,~9(Sl/•~127Ul863bt574E•01/ 

_C,,,,,,ASCISSAS AND WEIGHTS FO~ THE GAUSS LEGENDRE INTEGIIATION ORDE11•10 
c ••••• 

C • • • • • 

!'IAH 
DATA 
DATA 
DATA 
04TA 

XI"! 
XI"( 
X 111( 
~10( 
XlllC 

ll/,lU887U3]B9~l~3E•OP/,Wl0( 
2i1,a3JJq53ou1?Q2~E•e~1,w10c 
3)/,b7qaeQSb~2Q,02~+1.P/,Wl0( 
0)/,~h5 Hb 3Jb~b8~v8E•~H/ 1 Wl0( 
si1,q73Qeos2as1rt1f~021,~10c 

ll/.29552022U7l07SE•P0/ 
2)/,2b92bb7!93ij9Qqf•00/ 

Q)/,IQQU~I\UQl5058E•00/ 
5lt,oob71JijQJ~8b98E•PI/ 

DATA XIII l)/,P~A~0~P~0~D~0ijf ~~,,~II( lll,27ZQ2506oTT7?0E•r0/ 
OATA XII( 2)/~2~Q5~31~5q523Qf•0~1,~III l)l,2b78~U54U51C25E•P~/ 
OAT! YI IC ,i1,s1q;i<1t,12'1i'r.'>81Et0\l:,,q l( :;)/,?3:!l'n7bU'!iOt9'1E•00/ 
DAlA •tt( 4l/.73~152005~70~~~•~R/,~ll( ,i,,tebZ~n21AQ2773E•P0/ 
DA.TA l:11( 5)1,8871ilhc5997b6Uqf+00/,WII( "ll,IZ5580]b9:IU'1eE•00/ 

143 

PAG£ NQ• Cl 

HOL 1h 
140L 111 
14DL 1711 
MOL 11, 
IIOL 1111 
HOL 1e1 
HOL 1112 
~DL I Ill 
HOL 18G 
MOL 1115 
MOL 11111 
MOL UT 
i,IOL 168 
MOL 189 
140L ,,, 
1401. 191 
MOL t9Z 
1401. 193 
1'!01. 19G 
MOL us 
HOL 196 
MOL 197 
MOL 198 
H(II,, ''" t!CL 2H 
1101. 2Pt 
MOL 2€2 
MOL 211! 
l'iOL 21!4 
MOL 2115 
HOL 211b 
MOL 207 
'101. 2H 
MOL 2n 
MOL 211 
140L 211 
MOL 212 
l'!OL ll3 
110L i?ICI 
1'101,. ZIS 
MOL 216 
MDL 217 
MOL 218 
MOL Zit 
MOL 221 
MOL 221 
MOL lll 
MDL ZZ:! 
MDI,. 2211 
HOL 225 
140L 22• 
MDI. 221 
IIOL Zi!S 
MOL ZZ9 
HCL 231 
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RUN•l07 0 GLEGEN 71,/Plll/011 a111.u,n lt&RKERZ2UA 

OATA XII( b)l.97022a&~8l4&0Sl•r01,w11c b)/.,5&b8S&71lbtT4E•el/ 
C • • • 
t ••••• ARSC!!SAS AND WEIGHTS rQR THE G~USS LEGENDRE JNTEGRATION 
c ••••• 

c~.~-~ 

DUA 
C,P4 
!)ATA 
DAT! 
OH& 
O.&U 

X!ZC 
Xl2( 
Xl2( 
Xl2( 
Xl2C 
~12( 

l)l.125?l,4~~5l1G7f•~~,,w12r 
2)/,3b7~3IUQ~qq~)8f•D0/,~12( 
1,,.s~7lli9~~2~1,&1r+~~,,w12c 
Ul/,7i,99D2b7~1114l0E•PP/,Wl2C 
5l/,9~U1!725&J7PU7[+P,/,Wl2( 
b)/,18!5b~b3U2G&72~•rr.1,w12< 

tlt,2a111a1eu56l3G0f•00/ 
2)/,2l3U9253&538l5£•00/ 
!l/,203lb742&723~7E•~0/ 
U)l,l&~a7~32P.5U335E•00/ 
si1.10~q3q3z5q11s12£•~0, 
tl/,U7!153l&l!b512E•01/ 

c •• , •• AASCtSSAS AND "EIGHTS FOR T~f r-AvS8 LCGE~DQE INTEGRATION CRDERsll 
c ••••• 

r ~·-~·, 

DATA Xl~C ll/;r.~o~~~ll~0000~0f ~0/,Wll( l)/,23255!553230~7E•ll0/ 
OATA x:3( 2)/,23~cs,11s11ss11E-e01,~13( 2)/,22b283l8~2b2q0f•00/ 
D4Tl •13( 3)/,aa~aq?.75!~3bU~E•0~/,~l3( 3)/,2A7blbV.U753b89E•00/ 
04Tl Y13( D)/,bu23aq3JqQQPJ4E•P~/,Wll( U)/,l18!U59807blq4f•g0/ 
OATA X13( Sl/,8~!57~P9A733ltE+V.~/,wtJ( 5)/,1386735!021919E•~0/ 
DATA ~1,c b)/,qly5q~3qq2z?.qJE+A0/,Mll( b)/.Q?.l214QQ637728E•0l/ 
D•IA ~13( 7)/,9~U!P30547!85AE+e01,w13( 1)1.U~48UA047b53l&f•AI/ 

c •••• ~•3SC!SSAS AND ~EIGHTS roR THE GAUSS LEGENDRE INTEGRATION O~DERst4 
C • • • • • 

DATA 
DATA 
OHl 
DAT l 
DHA 
()Al~ 
DATA 

XID( 
XI a( 
xtac 
xtac 
XI II( 

I 'IC 
XI 4 ( 

l)t,1P8V-5w9U870734E•PV./,MIU( 
2>1,,1q11,3b69?.7~9~•~~,,w1ac 
3ll.51524~blb~58l5[+~0/,~IU( 
U)/,b~7?.02Q J U8\lb~E+~i,,~1ac 
5)1.~27~P!315~~Q7bf•~~/,~l<1( 
b)l,~i ~a]a8&3bb!~~E•P l l,~lU( 
1ll,9d&i8!1P~blb!lf•~l/,WIU( 

l)/,~t52&;853U&3lbE•00/ 
2ll,2~5l984b372129E•00/ 
3ll.l8553839747794E•0~/ 
Q)/,1572AJ187l58t9E•00/ 
5)/.IZl518\7Ab~7Q0E~~0/ 
bll,8etS5~67159759E•AI/ 
7)/,351!9460331752E•01/ 

c~.~-~ 
t,.,.,ARSCISSAS ANO WEIG~TS fOQ 1HE GAUSS LlGENDRE INTEGRATION OROER•l5 ....... 

OATl 
OATA 
flAH 
OAH 
OAU 
DATA 
D~H 
OtTA 

XIS( 
XI~( 
X l. 5( 
t l '5( 
Y! SI 
Xt5( 
l 15( 
XI~. ( 

ll/,0P~P~A0P00~0P~! P0l,~15( 
2l/,2e!IQU00JQQJUJf•~P/,WIS( 
3)1,l9U151l470775bE•AP/,Wl5( 

Sll,72UU17731J&rl7E+00/,wt5( 

7l/,q!727JJq2a0010F+001,w1sc 
6li,qe1oq2s1~Pzru~E•lr1,~JSC 

lll.20257AZUt925S&E•00/ 
2ll.l9AUJIU85321tlf•00/ 
3)1,18blbl~0A0l55&E•~0/ 
Oll.l&b2bQ205!1b~9E•A0/ 
5)1,llQ5JOo7792b!SE•00/ 
b)l 1 !P7l59220Ue717E•AA/ 
7)/,703b&007Ge8tA!E•~I/ 
8)t,JA75ll0!9~&111E•01/ 

c~.~ •• 
C,., 0 ,ARSCISSAS tND ~E!GHTS FOR THE GAUSS LEGENDRE lNTfr,ijAfION C~DER•tb 
c •••• 

c~ •••• 

DAU 
DATA 
OAH 
OLH 
DATA 
rJAT~ 
OAH 
DATA 

Xtb( 
Xie,( 
)"It.I 
X 1 b C 
XI&( 
XI t, ( 
Xlb( 
XI&( 

ll/,95~1~SOQ837bl&[•A!/,WI&( 
2)/,ZPlh035~~77q2bE•A~/,MlbC 
3!/,J5~~1b777&5723E•0P/,~1&( 
U)/,~1787b2UaQ~?hUt+~P/,~!~( 
5)1,7~~a0ua~8~~S~PE•AP/,klb( 
&ll,Be5~Jll~ZJ~78Jf+~~/,w\&( 
7)/,qua575r2JP7323E•~J/,~lb( 
8)/,QRQQ~~QJ~qql&~E+00/,~16( 

I l /, I l'9U5i'bl \IU5507E•00/ 
2)1,ll'2~0l4\50~U92E•06/ 
1)1,lb9l5b~l91Q500E•00/ 
U)/,1uq5q5q~PA!c58E•~0/ 
Sll,12U~Z8q71255SJE•00/ 
~)/,95!5A51t~8?UQ2E•0I/ 
7ll,b22515Z3Ql8t,U7f•0I/ 
8l/,Z7t52459Qil754E•01/ 

c •••• ,lR3C?SSAS AND Wt!GHTS ro~ THt GAUSS LEGEND~E INTE~~ATlON 
OITA XI?( l)/,ll~AA00P00~~000r 00/,MJ?{ 1>1,17qauca?e)S&2tE•00/ 

PAGE N~, 5 

MOL 
"0i. 
MOL 
"CL 
HOL 
l'OL 
l'CL 
MOL 
MOL 
110L 
110L 
"OL 
IIOL 
"DL 
"0L 
MOL 
"DL 
IIOL 
"OL 
MOL 
NOL 
110L 
HOL 
HOL 
HOL. 
"OL 
l<OL 
110L 
t'OL 
MOL 
M~L 
HOL 
MOL 

"'"L MOL 
M;)L 
1101,. 
"'DL 
HOL 
MOL 
1401. 
~OL 
l"OL 
NOL 
"0L 
MOL 
HOL 
"DL 
l'OL 
l'OL 
MOL 
MOL 
l<OL 
IIOL 
MOL 

144 

2JI 
232 
233 
2311 
235 
236' 
ll? 
2311 
l!9 
lllC 
241 
2112 
211] 
21141 
245 
21:, 
lU 
24ll zn 
zse 
l5t 
252 
253 
251 
255 
25& 
251 
1!5ll 
2'5Q 
26ill 
261 
21>2 
263 
26111 
265 
20 
2t7 
268 
16'1 
27' 
21! 
211 
273 
274 
2H 
276 
211 
218 
27'1 
28'! 
llll 
21!.11 
26l 
281 
HS 
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RU'-1•107 

c~ .... 

ruu 
r,1 TA 
DATA 
DAH 
DATA 
DATA 
D•TA 
DAh 

0 

XI 7( 
rt 7C 
X17( 
ltl 71 
XI 7( 
l( 11( 
ltl H 
X17C 

Cl£C[N 11,101110<1 

2)/,l7&q&41614<1511~l•A0/,W!7r 
3ll,3512317~1053~7E•0~1,Wl7( 
4)1,5!?.b<IP5lT~8bU7[•ee1,w11c 

b)/,7~1510~~lR<1~8P.f•~e,,"11c 

<1)/ 0 <1<1A575U7Sl!O~IE+eP/,Wl71 

20,13,1!3 PAIIIIERZZUR 

2)/,17b5~2705lbb<l<IE•001 
3)/,lb~~~QIP2ISb05f•P0/ 
U)/,l5U~U57h!P7b8JE•l!A/ 
5)/,135l3blbAU~ll52E•0PI 
b)/,l!l6ffl~07!<1140E•00/ 
7)/,e505blU83l717<1E•rt/ 
A)/,55oS<l52<1373<187E•2I/ 
q11,2u1qa302~&~511&f•01/ 

t,,,,,A8SCtSSAS ANO ~EIGHTS fOR l~E GAUSS LEGENDRE INTEGRATION OROERat& 
c ••••• 

c,.~ .. 

DAH 
DATA 
!JATl 
rHH 
DATA 
DAU 
DATA 
:HU 
DAU 

X 1 II( 
X 18( 
XP\C 
x I~( 
XIB( 
,ct6( 
JC! 6 ( 
t I!! ( 
Xt6( 

ll/,~t775~13P.Ol735f•~l/,W!O! 
2li,25lt~b225b<ll50f•P~l,~IA( 
3ll.•lt7511blOb28UF•0~/,Wtec 
Q)/,~5<177~A31073quf+0r/,Wl8( 
~l/,bOlb~70q3~bP,5f+P~/,w\~( 

7)/,~q26P?Ubb~<l1~~E•0~1,WIB( 
f)/,q~5~l3<1U957!U0E+0 ?. /,W!8( 
<1)/,<IQl~b5lb8Q2A<llE+0e/,~l8C 

lll,lb<IIQ2l62qb31QE•00/ 
Z)/,lb027b0837U5A3E•0A/ 
l)l,15Ub8Ub7512b2bE•00/ 
Q)/,IUPhQ2q!Ub70b5E•C0/ 
5)/,l2255520b7l!G8E•00/ 
b)/,10C9Q20UQl0e2,E•f0/ 
7ll+7h02573025UP8,E•AII 
8)/ 0 U<17IQ5UP8qoq70E•0l/ 
9)/,2lblb0l3S2bG83E•01/ 

c, •••• •esctss•s -~D wfJGHTS FDR THE ~•uss LEGENDRE INTEGRATID~ ORDERaJ<I 
c ••••• 

c~.,.~~ 

r,A TA 
[)L TA 
!'& TA 
[)AU 
!lA Tl 
nATA 
[)AH 
DATA 
DAU 
DATA 

Xl<I( 1:1.~r~0P00~~2z0e~f r~,.~,~( l)/,lbl05QU4<184@78E•00/ 
~\<I( 2ll,lbP35~bU5btP22f•0~/,W!O( 2)/,l58<1be8Ull<l3q5E•00/ 
~Jq( 3)1,3tb5hOrqqqb3hlE•Pll,•!9( l)/,1527hbPU2~b56bE•00/ 
Xt9C OJ/,U~U5707~!J75Qb£•P0/,w\Q( 4)/,142b0b7~217lb!E•00/ ~,,c ~l1,~r~sas~rae~!~PE+0 ? 1,~1Q( 5l/,t2P.7539&?5393UE•~0/ 
•JQ( b)/,72~Q~617733~2JE+~r1,w1,1 b)/,11!5bbb455Q7J3E•00/ 
Xti( 7)/,82271Ut.~b5J~Jaf+~P/,W!q( 7)/,~IU<IA021&22411<1E•iJ/ 
l(!Q( 6)/,QrJt5SQn}b!~8!E+0r1,~1qc ~)/,hqPUU5U27l7bU0E•01/ 
x1qc Q)/,<16~2~~l521!~~!~•0R/,WJQ( 9)/,~U6l1122b7115h99f•01/ 
Xl<l(l0)/,992UBb8CJ~U35~E+0A/,Wl<l(!0)/,IQ11bl7e8Z2<172bE•01/ 

C,,,,,ABSCtSSAS AND WEJG~TS FD~ T~t GAUSS LEr.E~ORE INTEGR•TION OROERzZ0 
c •••• -

c~.~~. 

DAT A 
!llTA 
DATl 
DATA 
DA T4 
DATA 
DA TA 
DAH 
[itTA 
nATA 

X2~( l)/,1&5?b~2113JU<l7E•~!/,~2a( 1)/,l52753387l3~7ZE•08/ 
X 2 ll ( 2 l / , 2 21T 6.'> fl 51 I II I b II [•re I , "Z "- C 2) / , 1 o <I I 72 9 8 t, II 72 b 0 r-e 0 / 
X2A( 3)/,37l'~•0ae11~~2E•0~/,~20( l)/,1,zaqbl0<1l1838E•A0/ 
~20( Q)/,5l0~t,7~~!<152~2~•~r,.~,?( O)/,l3lbe6b38~09l8E•00/ 
X20( 5)/,b~b~53bR~7265l£+0A/,~20( 5)1,l181Qll531Qbl52E•"-0/ 
X?~( bl/,7UbJ]lQH&UhA15E+0rl,~2~{ ~)/,IA1<13All98!7211E•B0/ 
X2~( 7)/,~JQl}bQ71E2222[+00/,~?C( 7)/i~327b7UJ57b7011E•01/ 
X~ll( ~•/,9!Zl]a~2A2~t32~•PA/ 0 W2A( 8)/,t2b72All83l11!08E•~II 
X2B( 9)/,qb\Q71~2~277<1tE•AP/,~2r.( Q)/,00&r.tU2<180AJ87E•0l/ 
X2A(l0ll,<1,3l2ij~<l9te5~9E+03/,W2Bll~l/,l7blU~~71l<115iE•lll 

c,,,,,,RSCISS&S ANO rEIGH1S fDP GAUSS LEOEWORE JNTEGRATtD~ ORD£~e2I 
C • • • • • ~&TA X2I( !)l,r.~A~0rAa~0~~Hrf PP/,~21( l)/,tCbPeti33bOqb<IE•001 

DATA X2I( 2)/,IU5~bl~5~1~0t1t-~,,. w21c Z)/,l~OS2G~PlQ~<IQ7E•02/ 
OATA X2I( Jll,\]Q8~739G7<11~7E•~~/ 
DATA ~2li U)/,U?U3~21?~207~~(•~~/,~2l I U)/,ll22b8q3~b31l~E•OP/ 
[)ATA Xll( 5)/,~Slb!Be;~eR72~E•~~,.w21r Sll,121831111~~5l7lE•88/ 
OAT4 X2I( ~l/ 1 &~7138~~~1<17Gt[•PB/,~ZI( ~ll,1087972<1ql•Tl5[•P0/ 

PAGE N0 0 • 

IIOL 
l'IDL 
IIOL 
"DL 
l'IOL 
IIOL 
MOL 
IIOL 
MOL 
l'CL 
MOL. 
110L 
MOL 
MOL. 
,-DL 
MOL 
1'01.. 
l'l()L 
140L 
"DL 
11DL 
MOL 
MOL 
MOL 
,-oL. 
MOL 
HOL 
~C!. 
"-01.. 
"10L 
1101.. 
MOL 
ML 
MOL 
"DL 
1101.. 
MOL 
1401.. 
MOL. 
MOL 
ML 
1101.. 
MOL 
"0L 
MOL 
l'tlL 
MOL 
MOL 
MDL 
MOL 
MOL 
MOL 
IIOL 
110L 
~OL 

145 

186 
287 
ZRe zn 
l'9 
2,1 
1•2 
293 
zq4 
2,s 
l'6 
297 
l'III z,, 
30111 
3fl 
302 
31l'J 
311 
JBS 
JH 
]17 
]H 
]el; 
3:1 
]11 
llt2 
3U 
314 
JJ!i 
JU 
ll? 
318 
31' 
3Z0 
311 
J22 
3i3 
JZa 
32!i 
32fl 
321 
3211 
321 
n• 
]31 
312 
Jl] 
no 
335 
Ji. 
3J'I' 
138 
ll'I 
3119 
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c ••••• 

0 GLEG~N PARl<fl!ZZUR 

DATA X2IC 7)/,qJQ0002J05bC3lf•01/ 
OATt Y2I( 8)/,~5llbl1~058Jllt•0n,,w21( ~)/,Tbl0~\llb2837ftf•01/ 
OAT& X?\C q)/,57\J002502b857E•Pl/ 
~a,, XZICl8)/.qh722hA5~5ht3~F•V0/,~21(10)/.3bq5J7eq770e52E•01/ 
OATA 

c •• , •• aestJSSAS ANO WlIG~TS FOR T~E GAUS~ ltr.FNDRE INTf.GRATlON OROER•22 
c ••••• 

DATA 
!HU 
oua 
OATA 
!)AH 
OH& 
OHA 
OATI 
'.)_A!A 
DAU 
0.1.Tl 

x22c 1,1,hQTJq?1111q;zzE•At1,w22< 1,,.11qz51e1zsssbJE•001 
X22( 2)/,2M76bPUl~b~~i2E•A0/,~22( 2)/.llb~ij\Qq8JOb0!l•00/ 
X22( l)/,30l~J~~2~ijqz~~f•0 ~/,W22( lll.lll\73500787~bE•00/ 
X22( ~)/,OhqJS5837qP.b7bE•~~/,~22( Oll.12l25237b8!05IE•AP/ 
x22r Sl/.5A7bU~U~350oqlf•r~,.~22c 5)1.112q3z?qbV~ASOE•00/ 
X2 2 ( b)/,t,9UU872bllbbb8E+PP./,W22( b)1.100u101uuoij288E•00/ 
~22C 7l/,85Q~lbPb2!7Ab8E•0l/ 
X22( 6)1,~b58125777?~2qt+A0/,w22( ~l/•bq7qnQb842C520E•0I/ 
t27.( q)1,q~~o5~77~!87!7E•~0/,W?2( 9)/,52l~3335l~?683l•AI/ 
X22(1~)/,~7erb~097Rl5Q2V+AA/,W22(10l/.3l77U00!5S08!UE•~I/ 
X22(11)/.qouzqa5~5u82Jqf+00/,W22(1!)/•lQ&27995?98272f.•0I/ 

c,.~~-
c ••••• ,Rsc1ss,s AN~ WEIGHTS roR THE GAUSS lEGENORE l~TfGRATIOH ORO£Ra23 
t~ •••• 

c~.,.~ 

DATA 
OAT i 
OH.&. 
OUA 
DATA 
l)AU 
0'1~ 
DAH 
OAH 
OAU 
OAH. 
OAH 

X23( l)I.AAa~A~A~A~~0 ~~E r,~/,~il( lll,133b50S7216h11E•i01 
X23( 2ll,13J?5b~2U20~Ubf•~A!,~?3( 2)1,!3?Q&2~JqU0070E•~t/ 
Y23( l)l.?~~!35~S007V}OE•V~/,~?.3( 3)1.12RQ~572218808E•~0/ 
X2JC a )/,3~~1r10,e~3r,zqf•AA/,w?.l( 4)1,1Zl~~Q~Ba3~b7JE•00/ 
X23( 5)/,IIUOQbbUr2224tE•00/ 
X2J( bl/,~IQ~PQR757b].af•P~/,~2J( 6)/,!0U~q?0Qt0bG50f•~0/ 
X2l( 7>1.7)SbblJ&3l]IO~E• ~~ /,~l3( 7)/.q29157bbAbA0lUE•~I/ 
¥?]( 8)/,~?U~~~U~lbl~ROE+Ar1,w23( 8)1.1qz~1u1111,~18E•0I/ 
X2l( 9)/,~7&752l5~27 AOUE40P/,W23( ~,1,oqz32a21oct525E•Pl/ 

X23(12)1.~qu7&q33UQ9755E+0~,.~23(12)/,13Ult85que7102E•0I/ 

c, •... ,estISSAS AND ~EIGHTS FOR THE c•uss LEGfNORE INT[CRATION OROER:2Q 

()AH 
OATA on, 
DAU 
ll4T l 
OAH 
!lATA 
DAU 
:>AH 
on• 
OATI. 
O~H 

x2a< 1l/.&U05&8q28&2bP.SE•01/,N2U( l)l.1279381q530b15E•00/ 
X20( 2)1.1q11tA8b7G73b2E•r01,~?a( 2)/,l2S8!7U5b]Ub63E•e0/ 
xzur \)l,3l~~U2b7qhqblb[•r~1.w;uc 3)1.12lb70U729?7~0E•00/ 
X2U( U)/.UJ3793507&2bAU[•~A/,N2U( U)/,IIS5JS~b805]73E•00/ 
~2U( 5)1,5U~U?JU713~b~ UE+?f/,W2a( s11,101 uuu2701159bl•00/ 
x2~c tl1,,~~~qJ&51~J&Q7f+ ~r1,wz~c &)1,•1•1~&s21ru111£•~1, 
¥20( ,,,.1ur12a!9157A~5f•~~,.~zq( 7)/,@blq~lb153!053E•~1/ 
Xll( !)l.8?P.~AIQ~SqJ38Qf•0~,.~2uc 8)1.7]J0,0~1u1108~E•et1 
Y20( q);.5qzQS\8Uq!SU37E•lll1/ 
x2a11ri,~•l827U5520P~73f•P.P./,W2Q(l0)/.aa?,77U]ll8170!0E•01/ 
X2G(ll)/,07U72~S55Q7J3PE•~OJ,~2U(1ll/,28~ll3~1lb2~0l3f•rl/ 

c~ •. _. • 
c •••••• BSCI~SAS AN~ WEJG~TS FOP f,AUSS LEGENDRE Jf!TEGRATlr~ OROER•Z5 
C • • • • • ~AlA X25( 1ll.A~RP.~A~~~P.~~0P.[ A?i,W25( lll.llll7b~5l72b71E•P0/ 

DATA X25( 2Jl.122~bOb92b~l~lE•AP/,WZ~( 2)/,l2?212 MU20QAJIE•00/ 
DATA X2~( 3)/,2U38bb8dl7l0• 0 F.•P.~/,W25( 3)1.IIOU5S7h]Sl578£•ec, 

P,tG£ NP, 1 

~OL 
MOL 
MOI.. 
HOl. 
l'lt'l 
NOL 
MOL 
HOL 
HOL 
MOL 
MOL 
1101. 
HOl 
HOl 
MOL 
HOl 
MOL 
NOL 
HOl 
NOL 
NOL 
l'IOL 
MOL 
l"'l~ 
l"OL 
~OL 
MOL 
MOL 
l'IOL 
"OL 
MOL 
MOL 
HCi. 
MOL 
MOl 
1101,. 
l"CL 
MOL 
MOL 
"'0L 
MOL 
NOL 
lolOL 
MOL 
MOi. 
MOL 
><OL 
~:;t. 
HOl 
HOl 
folOL 
MC:L 
folCL 
MOL 
MCil,. 

146 

341 
JOl 
JU 
3011 
JIIS 
30 
14'7 
3111 
309 
158 
151 
l5Z 
351 
35• 
355 
35& 
157 
158 
159 
lbll 
lbl 
]bl 
3b3 
]t,(I 
3b5 
lbo 
3b1 
lbll 
lbO 
'HIii 
171 
312 
373 
37A 
375 
l7t, 
371 
37ll 
'.!79 
lllll 
Jal 
JIil 
183 
lllA 
365 n• 
387 
388 
n• 
JQI 
J9S 1,, 
391 
390 
195 
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C • • • • • 

0 GL£G[N PAAk[RllUA 

0,1, X?.5( a,,.J~1:12105,~q}qf,.r,~,.~z5c U)/.llU858259l45TlE•~0/ 
DATA X?.5( Sil,413~a?.73!4~57!E•~01,"~5( SJI.J0~51QbZUQ7UZbE•00/ 
OATA X25( b)/,~77~b?9S~2u122r+~A/,~25( b)/,iA~535QuqPb7~5E•00/ 
DAT4 XZ5( 7J/,~102~?~1~S?QL2£•PI/ 
OAT& t?SI 8)/,7~925Q263037!Sl+0~1,•l5( ~)/,8Y1~0?e,135000f•01/ 
O.A!A X?5: Qj/,8J;uu?i?~7~~~3t•~~,.~zsc qJ/,b8~3833381Zl5&E•0I/ 
DATA X2'i(IU)/,~quQ?J~q7~7~z7E•~~l,"25(tP.;t.~UQ~~b9597583Gf•~l/ 
OATA X?5(11)/,Q~?97U51!2r.~97f+e~,.~?5!1l)/,a~9191s&7Zt3ebl•01/ 
DATA X?.SCl2)/,q7bb~l9ZJUS951E+~J/,w?Sll2)/,263SU9~bblS0l2~•0l/ 
DATA 

C •• ,.,l8SCISSAS 4~0 WEIGHTS FOP T~E GAUSS LEG[ND~E INTEGRATION OR0[Rs2b 
c ••••• 

C~•~•, 

0,1, 
o,r, 
OliA o,r, 
011A 
DATA 
DATA 
Olll 
OATl 
OlTl 
01T1 
DATA 
D!Tl 

X2h( ll/.~12!~Aqluzq31lf•P.l/,~2b( l)/,116l2141527q2bE•00/ 
X2&C 2)/,17&~5AP2Al5&P.qf•P0/,~26C Zll.l1bbb0U0]48S30E•00/ 
X2b( l)/ 0 iQ2~~4Rlqa6SQbf•~~/,~2bC l)/,llll&1~lb5,bl2E•00/ 
X2b( U)/,kPlR5!•55123Uqe•~0/,w2b( U)/,10~Q718UA52857E•00/ 
X2b( ~,,.~~~a~~~IU82U5tf•r~,.-2~( S>1.1020sqtb!09UU2E•P.0/ 
X2b( b)/.QU213AA0355913£•Al/ 
X2&( 7)/.~0bJ'72&~U!QQ~[+Prt,~2bl 7ll.85~U56QU]l]U8UE•et/ 
X2b! e)/ 0 7T~~65QUP.~2~~5E+~~/,w2&! ~)l 0 7ub8UIUQJb5b58E•AI/ 
tlb( Q)/,~a5~U59a27885!E+AA/,~!o( ~,,.~327U0Ubl29S7U!•01/ 
X2&Cl~)/,~r?h)l@~IQRUJeE+0P/,w2&(lAl/.5097S6252Q7147f•01/ 
X2bCll)/.Q;71SQ0~obbl71~+P,P/,•2o(ll)l,]7qb23~]2QU3&3£•el/ 
~2b(l2)/ 0 q7P.3@5U4§q5bU7E+0~1,•2b(l2l/.2UU1785J092bl2E•01/ 
X2b(l3l/,;QS8857611U561E•0e/,W2b(13l/•l05S!372bl73UJE•01/ 

t •••• ,,esc1ss,s AN~ ~E,GMTS FOR THE Giuss LEGENDPE INTEGRATION ORrf.R•27 
c ••••• 

OAT& X27( l)t.ee0~eP~~PPR00PE P.Pl,~?71 l)/~11422~~b737,9bf•00/ 
OAT& t27C 2)/,!!39725B5b~953E-~n,,•?7( 2)/,l1]4763Ubl~89bE•e0/ 
OITA X27( ])/,22bQSq3b5U]Q5uf•e~/,•27( 3)/,11!252U8335b8G[•00/ 
DATA Xl7( U)l,]3§9QJQPJb]85!f•P0I,~?)( U)/,1075782857~85]£•00/ 
OAT& ~27( 5)/,UU!JU82SIT5002c~~~/,~27( 5)/,1025B!b376177UE•00/ 
OITA X27( .,,.sur55!5bU~7QU5~+e~/,~271 b)/,QbP@B7Z737P027E•~I/ 
OITA X27C 7ll.~6U231585U37SSE•0l/ 
D•t• X27( 8)/,7!7~\]47]7J942t+n~,.•27( . 6)/,7Qb0U~b777]~S7E•01/ 
OATA x27! ?)/,7Ql771~,q~7~s1r+2~1,•27( q)/,b97UR8Z37bb2UU[•01/ 
DATA X27(10)/,ij~b207Q~80IA29E•en1,w?.7(1B)/,S8Q8J53oRSQ6JJE•01/ 
OAT& X27(!!)/,QpQur2]?0b770Qf+~31,•27{!l)l,U7uuq~125Z0b15F•01/ 
Di1A ~2~Ct2)/,Q~00AC5578!U7Ct•00l,~o1(!2)/,3S2q7V.53757Q!QE•01/ 
n4T• 

. .. OAlA X~7Cl~)/,QQ•l7Q2b26~~9~E•0B/,~27(14)1,97Q6qqb~512943[•02/ 
C • • • • 
c~., •• ,e~ClSSAS AND WEIGHTS FO~ THE GtlJS~ LEGEND~E INTEGRATION ORO[R•iB 
C • • • • • OAT• X28( l)l,5507Q?8q&eaA)QE~All,~28( !)/ 1 \IA0U7Pl301bG7E•P0/ 

OITA x2,c 2ll,1~U~e9?~2tl3,~f-~~,.•?.P( Z)l,!087!11QZ25~29f•00/ 
OAT& XZ6( 3)/,27?~bl~27b3S!•E•P~l,•28( ])l,1Pb0~57b~9226~~•PP/ 
P4Tl X28C U)/,]7.25!5lbP~90~F-e~,.~~8( U)/,1~2!JZ9o7578Pb{•0e/ 
n•TA X2R( 5)1,•75~7u2?tq5511E-r~1.•2At S)/,Q6Q3rh579~7928£•et/ 
DlT1 X?6( h)/,S~Q72~~71El!~rE•P0/,~28( b)/,9e$7!7U~]93P]l(•~I/ 
OATL X2~( 7ll,b5hh~1Pq~r,~6•E•ee1,~2ec 7)/,~J!IJUl7?2~P9Q£•PI/ 
DATA X2&( 8)1.T)~blr~7~~13b3E•P~/,•28( e)/,7U~~h2IU?3•5b~f.•0I/ 
DATA X28( Q)/,ePSbU!l7091718£•0~/,~?8( ~,,~o527Z92)Qb~qqef•~1/ 

PAG! N?, 8 

MOL 
MOL 
MOL 
HOL 
MOL 
HOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MOL 
HOL 
MCL 
MOL 
MOL 
MOL 
HDL 
HOL 
HOL 
MOL 
MOL 
HOL 
HOL 
HOL 
MOL 
MOL 
MCL 
HOL 
HOL 
~OL 
HCL 
MCL 
MOL 
HO~ 
MOL 
HOL 
MOL 
MOL 
MOL 
MCL 
MOL 
HOL 
MOL 
HOL 
HOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MOL 

147 
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liU"•lll7 0 - GLtCEN 1&/114/V!"I 21!.13,l!l PlRl<fRlZUI: 

OAT• 
~lll r2RCll)l."ll~b33 e2blQ217t•r t /,W2~(11)/,U427?Ql07~qrr,u[•9l/ 
n•T~ x2er12,1,qs~zsqt e"~ 2~qJF.• 1101 ,•,a<12>1,12qe1~211~,JeuE•Pt1 
OlT& X26(1l)/,O~IJP!11537P~7ftrr/,~2~Cll)/,211l21125"'?77tt•~l/ 
~,1, x2ec1~>1,oqe1JU7.40757Jq5f+D01,w2ac1ai1.•12uze2~~l~0"4E•l!l/ c~.~-~ 

c ••••• •RSC!SSlS •ND WEI~~,s FOR THE GAUSS LEGENOPE t~TEGRATlON OROERaZQ , ..... 

c~.,.~ 

llllA 
Ol T1 
;)HI. 
Dlll 
DAT& 
OlH 
D~U 
O&H 
OLIA 
O.lTA 
O•IA 
DATA 
IHH 
,Au 
r)lU 

x2;1 l)/,00AA~~~~ePA~~eF. r~/,W?q( l)/,1~b07Ql8!1t83!E•00/ 
y7q( 2lt.10~27~2JP1l?bRf•i l l,~2q( i)/,1~587bl5509732t•~0/ 
xz;c 1,1.211~s?? ~~ lb~~ e~ -~A1,~2oc l>1.10cc1:s31 ~0 1111E•ee1 
X20( U)/,l!~Cl!&]7~&7t ai .,~,,w2Gc U)/,l~10q127375qq1E•00/ 
X?q( 5)/,vtJl~lAf.6!7~~!£~~~/,ft2Q( 5)1.o~ObJe3u~qu~1!6l•0l/ 
X29C e)l,,~7S02~5512023F•PV/,~2Q( ~)/,ql737757ll02~7t•0ll 
Y?9C ~,,.,~~ZA11q11•P~?F+PP/,w?.O( ,,,.~su72257lb&IY!E•0l/ 
x2q( 5)1,o7~?.IU~37b~2~q f. •BA/,W2Q( ~)1,1e2363271l57e3E•0I/ 
xzq( l)t,)52Uh?e~t7lu<7~•C~/,•~q( q l l.70117Q33255US0E•~ll 
X2Q (lf ll,~16!eSU~?ol52~(+~P/o•lO(l ~l/.bl203000o57~76E•0l/ 
x?.qr::,1.87Ub37E~0~2~1~f•P.~/,~2q(\l)/.S!590~?.bq~7oq7f-011 
x?q!t,J1,q21,~~~37q~3~sF+e~1,w2qc12>1,u1u020b25teb82f•0ll 

12Q(1~)/,q~c5U5~~52~\U!f+?.e/,"2q(ICj/,lq732~eseSbl2]E•01/ 
X?~(\S)/,q~~~7q4uz2bP~QE+00/,w2Q(15)1,851bQ~3~787Q&lf•~2/ 

. c ••••• •BSCISSAS ANP NEJ~HTS F~R THE c•uss L~C[NORE l~TECRATlON OROE~•l0 
c~ •••• 

c~ •••• 

01r, X3~( l)l,51~713U25~~ll7E•01/,W3r( l)l.l02852b528935~£•0B/ 
D~!4 r! ~! 2ll.153~•~qt3•~~5A E-r~,. ~] ~ f ?)1,1,:7&?.l~OJuear~-~,, 
OATl l~~f 3)/,25 ~h~~Oc~!~7~0F-~~,.w~~r 3)/,0QSO•az~s~~793E•01/ 
Ol:4 13~( ~l/,3527~U72553~A~E•0~/,ijJp( 4)/,~b3b~7371i~bU3[•~1/ 
o~r, )l~( s>1,aa1r31;•g53~ ~qf •0~,,-!~< 5)1,1212c5722!77e~E•Bll 
DATA Xl0( a)l.~b~9q757z0106IE•Pll 
Olli X3~( i)/,~c?5?bl62gAq2af+P0/,w3~( 7)1,8~755~q5zz~4Jq!•01/ 
DATA X30( 8)/,7375~97U73770UE•01I 
OATA XJ~( 9)/,7 b 77774lZ10462Et00/,wJ0( Q)/,eSQ7U22Q88217qE•~1/ 
O•TA Xl~(!~ll,82q5bS7bZ36?7bE+P0/,~3?-(l0)/,57aq11sb217b18F.•~1/ 
OAT& X]~Cll)I.A 8?.5~P5357q2 ~5E+0~ /,W]2(11)/,aRaC2b72Rl~503£•01/ 
OAT• X3A(lc)/,Q?.b2PA0070fQ?7E+ P. ~/,wlert~)/,38709!925bQ~27E•01/ 
OAT4 
OAT& X30(1U)/.983bb8l2l27QiOE•0~/,Wl0(1M)/,l84bb4b8lllvQlE•01/ 
OlT• X30,15)t,90b8Q}118U07Ub5E+0P/,~Jij(l5)/ 1 79b8IQ209blbbSl•~ZI 

C,.,.,ABSC!S$1S l~P WEICHT$ FDR TH[ CAUSS LEGENDP.t JNTECP.ATJO~ OR~ER:31 
c ••••• 

OAT• Xll( l)/,0A~A0~~onooo0or 00/,•31( 1,1,qq7zpsaa1ci1a2,E•Bll 
DITt X!!C 2)1,qo555JJ21~2341E•i>l/,~ll( 2)/,QQ22~01122~b73E•PI/ 
OAT& Xll( ll/,l96121lqy;35~1f-rP/,wJI( 3)1,q77433353eoJ?bE•~l/ 
OAT& X1I( ~>1.zqu71~~~qq~11~E-~01,~JI( 4)/,Q52Q~l42QIZJl8E•0I/ 
O&T• Xll( 5)1,3~83PSq~l~PR23E•0A/,W3I( ~)/,91P9~1l389lb39E•01/ 
OATl XJI( b)/,07t!q]Ti2 µauYP£-re1,~Jll b)/,~7~7b7~Ab0&UTbE•!l/ 
O£lA XJI( 7)/,5~32UQl&la~71Ul+~~/,~]\( T)/,,2!Q?OOIJb1588E•'II 
OATl Xl!( flt,b,27P~722Q2112ef•AAl,•3I( ~ll,7blQ~3~b5Q~775E•r11 
OATA X31( Q)/,71577b7~U~&•e~f•~0,,w11c Q)/,b0e28~!32]5QA~t•0l/ 
p&t, X3\(l~)l.7f!T33!46~lbh2l•~~/,w~!CIP)/,~2t7G7~6~~1A28t•ell 
OATl , X3l(l!)l.63qqzA!201Gb2bE•~0/,~ll(ll)l,Sllt3JAe242a•tbE•01/ 

PAGE NO,• 

l'!OL 
"OL 
l'OL 
toOL 
l<CiL 
"0L 
l'!OL 
MOL 
l'OL 
MOL 
IIOL 
l'!OL 
l<OL 
IIDL 
l<OL 
l'!OL 
MCL 
l'OL 
MOL 
"°L 
l'!OL 
l'CL 
l'OL 
MCL 
MOL 
IIOL 
l'OL 
l'OL 
"0L 
!(CL 
MOI. 
"'OL. 
1'101. 
l'OL 
11'-OL. 
l<OL. 
MOL 
"OL 
l'OL 
ICOL 
MOL 
MDL 
MOL 
1'01. 
MOL 
l'!OL 
"-OL 
"OL 
MOL 
""L l'CL 

MDI. 
"0L 
"0L 
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11'51 
45! 
115] 
4'511 
45'5 
05b 
Q57 
QSI 
os• 
IIU 
UI 
02 au 
11&0 
4b'5 
llbl, 
11&7 ... 
09 
471 
1171 
IITZ 
OJ 
1111 
47'5 .,. 
on 
07/J 
47"' 
11!0 
ae1 
4!Z 
aes 
111111 
41'5 
116,i, 
487 
01!9 
11eq 
011 
01 
4qz 
493 
II .. 
4''5 
094 
HT 
4"'8 
U9C! 
'SH 
5tl 
51!2 
5i>S 
'51118 
'5H 
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c •• •• 

C PAIIKfRZi!oJR 

OATA XJICl2l/,8Uq7beCIQQl~27f+POl,WJ!Cllll,U~4qJ7075z7z90[e0I/ 
OATA XJl(lll/,Q]R7SbqQ7,9bh~L+P3/,~31Cllll,JbUl227}qtzle5f•01/ 
OATL 
O•TA X31fl511,Q•4b@~qpqhb~l~f•P~/,~1!C15)/,l7l!Abl~7QP}t0E•PI/ 
~ATA 

c.,,,.ABSCISSAS A~D ~EIGHTS rnR TH[ ClUSS LFCfNORE INTfGRATION ORCER•32 
c ••• ~. 

c •• ~.: 

CHA 
DAU 
OAT A 
DAiA 
DATA 
DAH 
DATl 
OHA 
l)HA 
Oii.T &. 
OAl~ 
DATA 
04T. 
OAT& 
OAT A 
C!TA 

X12( l)/ 1 G~3~7b~5b~773AE•ett,~]2( 1)/,9b5~~~~A5l472bf•01/ 
x;zr 2)/,ltgu71q~!5A2A~~-~~,.~12c 2)/,95b]~72r~7Q27lE•~II 
X32C }J/,l39?K73b2252IAE•P0/,~32( l)/,93P4U]Q9P8eAeJf•01/ 
X32( 4J/,ll1A&~e~?2~2l]F.•r?./,~ 3 lt ~l/,91!7367~b9~7&2E•DI/ 
x,zc 5)1,U2l35t27bll0blf.•~Ml,W~2( ~,,.e1cScrq30~uo~2E•BI/ 
X32C b)/,~331l92w22b9U5f•~I/ 
X1?C 1)/,5817157S7?.o~7&f+P~/,~~2C 7)/,78!938QS787V.b9E•0l/ 
~32( ~)/,hb}~U42~h03P~l[•P~/,•32( 8)/,721U5794!~!~47E•0I/ 
X~2( 9)/,732!821!87U?2Af+~ ~/,"32( Q)/,&5n22?2?77b3&!f•0\/ 
X~2(1 0 )/,7QUU837QSq&7Q4f+e~/,Wl2(10)/,S8n6dP.9~a,p535e.e11 
x,2ctll/,8U9lb7b!37325~E•~?l,W32(11)/,5099~P502b23751·•01/ 
XJ2Cl2)/,ijq&,2!1557b&05f+r~/,h~2C12)/,U2835896P2222bf•0l/ 
Y.32Clll/,q3~q~b~150377UE•~~/,W32Cll)/,3U2738h2•13P2!E•~1/ 
X32(1ij)/,OcU7&22555R750E+0rl,~32(14)1,~539?0b53~9?o2E•0I/ 

t,,,,,16SCISSAS A~D WEIGHTS FOR THE GAUSS LEGENDRE lNTEG~lTlON OROER:}l 
c ••••• 

C •,. • • 

~All 
IHH 
OATA 
O~H 
DATA 
DATA 
DATA 
OAH 
on• 
Oill 
OlTl 
DATA 
l:IAH 
DATA 
DAT~ 
DATA 
OAT l 

XJl( l)/,P~r.~~~0~~PAP32F A~/,W~~( l)/,Q}7ceU4b\bP~9Q[~JII 
~llC ?)1,,\b\l~b~8~U7l3E•P!l,~Jl( 2Jl , 93!~bUl~~b!§Q5f•~l/ 
OH 3),. 1~b439?<1/Hl279Q!:•(HJ/, 33 C 3), ,-92 I 2]<18bbU 31: (If P~I/ 
X3!( U)/ 0 217oAQ0q7!525A f. •iA/1"ll( 4)/,9035l958bb~&l7E•0!/ 
X11( 5)/ 0 3~~3!Q2577U~07fvP~l,~33( 5)/,e72~R2A7bl3PUlf•~I/ 
XJ]C h)l,15!65P~l7272U5f•00/,W3]( b)/ 1 83b4787bijb703,C•0l/ 
Xl]( 7)/,7q]l23bU79U885E•01/ 
X]]( ~l/,b!AcU23~583b37t+er,/,W]JC 8)/,7U~7<1R5U84]q5J[•~I/ 
X33( 9)/,b8173l959~o97UE+P3/,~3]C qJ/,&Asq~51?~IAbSSE•rt1 
X3]Cl~l/,74723~49bUUQ~bE+rP/ 1 W]3(lAJ/,b23Ab4AZ53Jlt7f•~I/ 
Xll(llJl.~~bl&235hZ7Ulbt+P01,~3l(IIJ/,~5a7r84bb3lbb3E•0I/ 

X31(l3)/,Q P~3lb7&774343E•0 ~/,W33(13)/,U0U n tsut3l!bbQl•AI/ 
x , 3CJ~J/,<llAb9U372blllhE+00/,~33(1U)/,3Z3~~ 358b3c328E•01/ 
X]l(l5)/,obh~229iQb6Q?QE+R0/,W]!(!5l/,23ql55~61~1,4<1E•01/ 
Xl3(le)/,~EbU5572bl30bUF.+~~/,Wl3Clb)/,l5321701512Q35E•OI/ 
X33(J7)/.9Q7U2UbQ424&115E+~~,,w11c17)/,bbOb2276n7567lE•DZ/ 

c •• ,,,ARSC!SSAS AND W[JGHTS FOR THE GAUSS LEGENDRE INTEGRATION ORDERsl• 
C • • • • • 

1:14TA XlU( l)/,u55~q821953lA~[•01/,Wl4C l)/.Q005b711~33P258E•~I/ 
OA1A Xl ~ ( 2)/,l]bl52357250J8E•PB/,~1U( 
PATA X34( 3)1,22~bb~b<IJblbUSf•~~/,W~4( 3)/,P67~!~o•e;~&02f•0l/ 
Olli XJ~( ~)/,l1331!1'81330Ubf•r ~,,~JU( 4)/,Ab~b~73~7UT~~~E•0I/ 
Dill XlC( Sl/,}qA~59Z77756b5E•a,,.~J~( 5)/,e]5!J"Oqhqo~uQf•iJ/ 
OATA X3~( b)/,4A~l0b545!QA]?E•r~,.~3uc h)/,7q!b~UUU]3Q77tt•0I/ 
OlTA X]o( 7)1,5570T55P0bbq7~E•P&/,~3U( 7)/,75~~1Q7UbhPrl~E•f1/ 
DATA XJy( · 8)/,b31021727eee5l£~•Jt,~]U( 8)/,T0b2qJ75~1G25aE•0l/ 
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5H 
51?7 
51'11 
seci 
511 
511 
Sli! 
513 
511 
515 
'!JU 
517 
51& 
~tq 
5i?II 
521 
5Zi! 
SU 
5Zll 
5i?5 
Sr~ 
527 
526 
5i?9 
530 
531 
512 
5:n 
5lli 
535 
5lo 
517 
c;1e 
519 
51111 
5C1 
5Ai! 
'SIil 
'!JGQ 
545 
546 
5117 
'Satl 
50 
5'38 
'S!H 
'5'5i! 
5'5] 
554 
555 
sc;• 
5!>7 
55! 
559 
5bl 
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R...IN• 131 

c •• •• 

OHi 
:HJA 
t"):i r • 
04ll 
r,tT• 
D l 1 •· 
OHA 
041,I 
OHA 

0 20. 13,,n 
KJUt O)/,&oeo1?113?!h?h~•0~/,~~ac q)/,b51115Zt55u~75r•~l/ 
X)Q(\~1/,1b!~,a~7ht2•P7E•~~/,~J4fl~;/,5qA5jJJ5~Z1~l~E•01/ 
X~U(\\)i,~l~~~U2i7~~~QJf+~ 2 /,W3C(tl)/,525 2 7UIU51Zb77i•3l/ 
•J4f l2)/,~h50]1~J~!3U ~~t•n • 1,WJ4(ll)/,a~~25ll15?3J53E•rl/ 
XIU(\J!/,Q~7~PqA7171~3~[•~~ , .~3c111,,.1s1hb~8l7qb3R7f•0l/ 
t\~(!Ul/,q~?lb?]?7U~51P!•~~,.-sa(}U)/.l~0013~0b35QUbE•~I/ 
YJU(l~)/.qL671Al~l5J]]UE•0~/,~1U(IS)l,225b]721~~5uqs[•e11 

i3a(17l/,0075717537q~6Jf+0 A/,~3~117)/•b22qlU~5550087l•0Z/ 

C••••••B!ClSSAS tNO WE!G~TS FOR TH! GAUSS LEGENDRE INTEGR•TION 0RD[Rc35 
C • • • • • 

. ..... , .. 

tlTA XJS! \ll,~~VP~rP~P.~P~PCf PA/,W!5( l)/,~AU&b704qP71"4f.•01/ 
~•TA X]S( 2)/,8~~7\JUJ275~~~F-Pl/,W15( 2,,.ee1~~5]~aJrZ73t•01/ 
DATA X35( 3ll.!7b,S1?bllh5qqf-P~/,W3S( J)t.97ID~U~6qq71e2r-011 o,,. Xl5! U)/,2bZl5?qa:?nqzqf.0A/,W]5( 
O•i& X35( Sl/,lUbh0!55~a,~~li•~~,.~1sc ~,,.s10c~59J72@~55E•01/ 
OAll X35! b)t.42&1]~Sa!51781E-~e,,W3~( b)/,lqqb4qa?2U2323E•0l/ 
o•T• X35( 7)/,5?b3?277]2U\«eE+r.P.l,•3~1 i)l,7b~~]057!55~qll•0t/ 
DATA XJ5( B)/,5E 0~ U~? i, 7Uq7bE•cr,,w151 e,,.,2auu7qg77z5s,E•0t/ 
DATA X15( O)/,b72222eszbqP85E•31/ 
OATA 
OAT• 
DATA K35(12ll,t2•7GQBQq0~222£•?~1.~35(1Zl/,407&qJ7aa~1lS3t•~I/ 
OA1& 
OITA 135(\~1/,~l?~54?bl35qJ2~t~~,,~!5(1Ull,5b\l~ll~Ab3Ub3E•el/ 
DATA X35(;5l1.,as3a51aa2P7~2E•r~,,h35(1~)/.26h29?b01~A8qQE•Pl/ 
CATI XlS(lt)/,;7~a,7hlbOJQ2?E+l!/,J~~r:i:,.z1322q71,11aP3E•~!/ 
DATA X]S(l7)t,,~70157hCUQJ~5!•~~/.~3S(l~ll,!315~82e]qPJ&lE•01/ 
DATA X35(t61/,9977~b5bq~qo~~r+rP/,~]5!1P.)/,5Re3~]3Q2040l0E•0~/ 

c •••••• 8SC!SSLS lND WffCHTS POR THE G•uss LlG[NDRE INTEGRATION o•D~R:]b 
c ••••• 

c~.~ •• 

['JAU 
OATA 
OAH 
!'!AH 
n•u 
DATA 
on, 
Olli 
DOA 
!lATA 
DAU 
OATt 
OAT A 
DATA 
IHT& 
OAT& 
l'lHA 
OHA 

XlbC 1,,;~3P.!~1Q84737P.8l•01/,W]b( l)t.e5o8327~b7~303£•0tl 
X3h( 2)1.l?.e7lbl03P.0038f•~~/,~3o( 2)/,35]Ubb6573Q3]7E•0l/ 
~~b( 3ll.2!35~~8Q231bP~E•V8/,~3tC lll.~UA78218q7ob&~E•91/ 
X3b( U)/,?Obb8•00S]a~~lf•~~/,Wl6( U)/,82\872bb704338E•0l/ 
X]b( 5)/,]77~7?5,711nbOE•P.~l,•3bl 5)/,7q~e,azpq1?~70t•01/ 
X!b( &,1,u~5e~3qq~UJl42f-~~,.~Jb( h)/,7&59AUl~~~S~bAE•01/ 
X3n( 7)/,7ZC~l~850~~b5lf•01/ 
Xlb( 8l/,&?15b7&5a135qA E•r01,-3,c ~)/,b~7~5123A35?35E•01/ 
XJb( q)/.~bA~~l2l&~85~2l•~01,• J ~( Q)/,ba33q7q73~5~\0E•0l/ 
~!&(t3l/,7lqUA~!71~q35sE•e~,.-Jb(l0!/,588&01QU24532Ql•~I/ 

K]t(!2)1,8]5!n•)~bqq2u7(+~f/,~3b(!2Jl,Ui?55~R]Uq~zb5f•~l/ 
X]6(l]l/,8•007q~~AAOPJ~E•0~•,Wic(l])/ 1 ~~87~75~923&UUE•Pl/ 

X]h(J5)/,9~8272QHQ;qc5~t+rr1,w3&(\5)/,?72U~~llU085b0l•0l/ 
X3~(1b)/,Q12~?Jbq\~UObQf+D Bl,~J~(l-)/,2~18!5!5Z~7735f•eJ/ 

X]b(le)/.Q~78lr.wb2UR~0Qt•i~,.-,~<18)/,55b~719e~~~aseE•P2/ 

c,. .. ,ABSCl!SAS •No WEIGl'TS FOi! T"F. c;u•ss LEl';!.NOl!E lNTEG'IHION ORO(Ra3' 
c ••••• 

DATA X37( l)1,e~A~0r10"00~~~! fPl,•37( l)l.~3Jb83b~0,3138[•91/ 

11('1,. 
IICL 
1'01. 
!-'.01. 
0,01. 
l'OL 
1101. 
IIC:L 
HOL 
MOL 
HOL 
HOL 
HOL 
110L 
l'OL 
HOL 
110L 
l'OL 
1101. 
HOL 
1401. 
HCL 
HOL 
MOL 
MOL 
"MOL 
":OL 
MOL 
MOL 
MOL 
110L 
140L 
110L 
HOl 
MOL 
l'OL 
MOL 
l'Oi. 
1'0L 
HCL 
l'OL 
MOL 
M0L 
MOL 
HOL 
l'OL 
HCL 
1'01. 
HOL 
MOL 
MDL 
MOL 
"'0L 
MOL 
MCL 
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IIUN•lll7 

c~ .•.. 

on, 
OU• 
OAT.I. 
O&h 
('AT A 
t'H T • 
OATA 
llLH 
DH.l 
f\AH 
n,rA I),\'. 
{lil l 
OAH 
O~lA 
D•TA 
OAlA 
DAU 

" GLfGF.N 71,/V)//,/?,q 2P. 13.01 PAIIKfRZ2UR 

Xl7( 2)/,8Jb70a0eq5a7~qE•0t/,WJ7( 2l/,!3G7U57lb2SB•tP•~I/ 
Y37( ])/,l~c753q]~2JqA~f•P~/,~37( Jlt.~25q52722lb"l5!•~!/ 
Yl7( U)l,?U8bb77qz1q1Jbf-001,~31c Uj/.~ltl~b?U~PA~blE•?I/ 
X]7! 5l/ 0 7Ql0~~•1~37528f•0I/ 
Yl7( b)/,U~h7~P5 0 QJ1Al?E•PR/,~l7! bll.7b52b2~757~528E•0I/ 
t]7( 7)/,UA17tH677e~j??E• iA /,~]7( 7)/.7Jui~7772UA487E•01/ 
Xl7( 8)/,S5,JU?]Ql~bl~~f+e0/,~37( 8)/.&q77211.s1~s~,qqf•~I/ 
Yl7( Q)/,&210q2&rRU~R~?E•er1.-11c Q)l.b5&4P722872750~-e11 
Xl7(1e)/,b~UIJ.RbJ~qlJPqbF+r?./,•37(1C)/,~l0bU5lb~232l5E•Bl1 
~37(1l)/,1~307PRJJQAIQhE+r~/,~]7(11)/.SbO~IQR7QQ877"f•0l/ 
X]7112l/,7QbU5~2P~~~OO~E+rA/,~37(12)/,5A&Ub?q7b5UP.2UE•AI/ 

YJ7tl4)/,~Pbl2Uqb2J5SU~••P~/,W]T(!U)l.3~~eqb02sr1q3ur-011 
X37(:Sl/,0217~14]7UJ2Ub£+?~1,•37(!Sll.32Ublb3q8U7521E•0\/ 
X37(lb)/,9§eq7z3uJ202~9E+r~,.~]7(1b)/.2So8b0lb9q~ss•E•0I/ 
XJ7(17)/,q73uq3p3~~SbU~l•~0,,w11c11)1.19129~4448Q08~E•0I/ 
t3 7 118l/,Q~ql~5Qb,?l4!?f+0~/,w37C1~)/.1223R7R0!0~307E•f.l/ 
Xl7(10)/.qq79ausez477q1E+P.0/,W]7(19)1.S2?3057279U9T9E•~Z/ 

c •••• ,,ast!SSAS .lNO ~EIGHT~ fOR THE GAUSS LEGENDRE INTEGRATION OADEA~l8 
c ••••• 

. c~.,.~ 

DAlA 
PAH 
OlU 
{'IATl 
{'IH.l 
OlH 
OAfA 
O.!.TA 
OATA 
DAU 
ClH 
ona 
OATA 
01 TA 
n,r, 
Ill Tl 
l)ATA 
on. 
DATA 

X]8( l)/,CP785!U79~US78f•r11,~3ec lll.81525~2qzs21eaE•Cl/ 
Y]S( 2)1.!22~8U02533787E•P0/,~38( 2)1.P~982Uq377~5qbf•71/ 
~3~( 3)/,c~257P45J~Q?l2f•PP/,-,~c 3)/,79Qet0ll2U~52o£•01/ 
x,sc C)/,?~l7~~8 i Q79~1bE•e0/,"18( 4)/ 0 7B?878UUb5821~£•0I/ 
~le( 5)1,3~~~72ua~u7ou3F.-rr.1,wJRC 5ll.7&153bb35URUaijf•ett 
13b( .,,.a11Aa7:&qUJ237E•V0/,W3e( b)l.73~12&9258u7U2E•el/ 
Y38( ,,,.~n5~3U717q27q3f•r~1,wJ~( 7ll.70362507~bbfq8[·01/ 
Xl6( 8)1.~7UQ5~m21ra16UE•~~/,•3f( 8Jl.bb7gJq37q791!9E•01/ 
X38C q)/,b\Q2~U415 8 2Qb8f.+?A/,~35( Q)/ 0 &27U~Q3J3Q2132E•0I/ 
X38(1r.)1,&~q7qe&~A37Ql8E+~0/,W38(1~)/•S8280]Qqlij~OQbE•Ol/ 
X]S(llll,755h85Q~l75J97[•~A/,~38!lll/ 0 534l2Al9ql~331E•0I/ 

Xl~(l3)/,AS2Al5~2IQ3235F•AB/,•Je(l3l/.~27~3!5R5Au67UE•et/ 
J3~(1U)/.~QIBS57]QOOU~2E•Pr/,w38(l4)/.lb8qa0~1sqJ0211.E•01/ 

v1,Clel/,Q,34bhll~93352E•r~1,~J8Clb)l,2US7Q7]973P232E•3l/ 
X1~1171/,9~URabJ?R59A!5E+~e,,w3ec11)1.1e1sbS777e9&1JE•01/ 
~•8Cl~l/ 0 0~073qu5u7tbl~E+0~/,~l8!l8)/ 0 llb1l~4"7l6"6Qf•01/ 
Y36(1~)/,Q08~UQQJ0,35bfi[+e~,,-18(1Q)/,5002e807QOb]qJE•l2/ 

c •• , ••• esCISSAS AND WEIGHTS ~OR THE GAUSS LfGENDRf INTEGRATION ORO[R;JQ 
C • • • • • o•T~ YJ9( t)l,ArA~0PP.P.P0P.~0AE PA/,~]q{ tlt.7Q527&22!3QOU3E•0I/ 

PATA Xl9( ?)/,7Q//.~l~0Ub~~75SE•rl/,•J9( 2,1.1q?7a2225b!3~7f•01/ 
DATA XJQ( l)l.1~83R~33q997~af.Pn1,-,~1 l)/,7@523b1l2673aQE•WI/ 
DATA ~3qc U)/,Z}b3255!24~!8lf•~0/,w]q( ")t.7727U55?54~b~Dl•C1/ 
DATA rJq( ~ll.l1777!5592UAl9E•rP/,~]O( ~)/,7553•0J7]27~J~E•Cl/ 
DATA 1391 b)/,3~7?1~! ~ Sq7;S•f-rn/,~J9( b)l.73J2175]U!l?b7f•~!/ 
nATA XJO( 1)/,uS~2e~512J0913t•?~/,~Jq( 7)/,7~bu~p~~OT~bA7E•0,/ 
PAT& XJQ( 8)J,5?~)77?~~bb" ~lt+rf/,~]q( 8)1.~7517&]n9bb2l~l•01/ 
C&T& xJq( Q)/,50U15l45UQ§727[+re1,•1Q( ~l/,b3~b5JF8tleb~ll•AI/ 
?AT1 IJQ(1 ~ )/,~5•1~52:]IJ2P!I 
DATA 
DATA Xl9(12l/.7b7U012U2Qll~eE+~A/,Ml9{12)1,50~8U6b52q212qE•0I/ 
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C GL£G£N 

DATA 
nA'l ,1011~)/,A~97~?Q}Jqqquu~ •• ~,.~,,,11,,.~0~7l21bea7Q33E•0I/ 
~lTA x3~c,s11,8,71~7119?Q~O~f•~~,,-10(!~)/,~5115111w9~1llf•9l/ 
ni•A ·~'llbl!,9l9~~i:u~a~~7)t•Pn/,•l9(lbl/,l03J~q~9q~3~r1r-a1, 
n&TA x~q(I 
DAT• 
DATA ~3~r1~1,,q~•2~•~J•~~Uh~£4r~,.~ioc10)1,11~lG7A8~JOlb~E-Pl/ 
DJT~ 

Cr,,,,A8SCT!51S AND ~ft~HT5 FOH THE GAU3S LtGE~DPi l~TfG~ATlDh tPDf~cQ0 
c ••••• 

c •• , •• 

OAT• x~DC ll/,]~77~0l75~br51F•~!/,•n0( 1)/,775~5°u7~7@U2]E•Z1/ 
~ATA ~~?,( 2)1,llb~PQ~7~b7Si5F.•~~,.~uec 2)1,77~Sqa1~1b~2U7E•0l/ 
O~lA .~,r 1,1,:02~~75•r1e1J7[•~t,,u~~( 3)/,Jb!l0l& i qP0b2~E•P1/ 
DATA x~~! ij)/,2bRl~21~50~7ZSE-~~, •• a~( ~,,.,o723lb0~~,~bbE•01/ 
DATJ XCPC 5)/,34!q 0 1P•~6~57~F-~A/,~U~( 5)/,72Rhb!~2Jq56e3E•r:, 
C!'A ~C~I ,:,.•:J77Q~~Ei71h~E-~~,.w1F( 
DITA ,a~, 71/,UR3C75~ci,~~!PE• 3~ ,.~arr 7)/ •• 7~·2~use1~?Jl[•0l/ 
0£1• XU~( ~l/,5G0Uh1125~0512f+F~/,~Q~C 
OlTl xuri q)l,h12,5]~~0b·•e~f•~~,.~o~( ~)/,b1lHb2~tU02026E•01/ 
~Al~ -~a11r1,,1,195tb6ijb!Ul~f•Pa /,•~ec!~)/,S7QJ97b'~90]91[•r1, 
O•Tl X~P(Jll/,7~73!~255!6QQ2F• P~ /-•~~,11,,.ss221P~•98]~\bf•tl/ 
QATi XL2(1?l/,71~3~5t51G~h52E•R~/,W nrr12i,. =! ~9S8~7bl5C71E•r11 
O•T• Vb~(•Jl/,&?U~1?2j~~l33lf•~~/,~J0113l/ 1 4!~7~0 ~~\6Sh12f•~I/ 
D!l~ o••· ,~P(IS)1,~rz~0Re~•~•P87f•P~!.•~P(l~l/,JJCb01952~i~Ue[•Cl/ 
04TA ru~(ll)l,q;2s12~iA27~h7(tr~,,wu 1 1tb)/,?7Q]7~~•qB!P2lE•0!/ 
n&Tl Xll~(IY)/,Q~•q)~Rt92!~76FoP &/,~U~IIT)/,?~2~5~U9!Qij)b7[•~1/ 
~~,. 
OATI 
O&!A Xb~tza11,~oez577~QTl~SSr•~0/,W4~(2e11,M~21277e~8533lf•02/ 

: ••••• 1asttSS4S •~o ~EtGHT6 ,oR TH£ GAUSS LF.G£NDRE INTEGRtTtr~ ORDER:01 
c ••••• 

C&TA •utC l)/,V~~~~~r~0~0e~~[ 0~,.~a•( l)/,75b,5515b=J?q&f•0l/ 
Ctlt X~i! lJ/,7Sb2J25BQSql&2E•311,W~IC ~)l,7§jJ!707302711[•al/ 
OiTt XUl! Jl/,l~~R!Jl~jRb39q[.~~,.wa1r !)1,1an296Zl17b22~£•ll/ 
DATA Yb!( ~, ",2c5130bf5bl3~c[•~~!.•4:t U)/,137~1&a2n21,22E-~1/ 
OAT; tu;{ 5)/,2;617b2773QJ82£•~?:,w,:r ~)l,7225tbn~~blP22E•01/ 
ry61• X~l( bll,1hQSA~i22~~~U!f•~~,.~a11 b)l,7~]37b~nb2H~l&l•~l/ 
D6T4 IUI( 7J/,;flr2~1]b7bef75E•0l/ 
D••A XU!{ ~)/,5A~U!6~QQl09Q~~•~r,,~.,, 8)/,~511UIQb85,52of•0I/ 
OATA kij!( 0)/,h2215S~Z~80Qh5E•ll/ r,,, Xijl(!~>,.~~q7baf]Q,,?1DE+,0/,~bl(iH)/,~~7~~UlPOU9~7tE•~I/ 
r1T6 Xdl(1\)l,b867~•5AZ0]~Q5[+~rt,WGl(!!)/,5~~2?!!02U2~76!•~1/ 
Dlll YQ![l?ll,7JQ7~~8A3f69Ql~•0~/,~il(l?)t,SA9l5~~LZQ16l7[•~1/ 
n171 xu1,,,,,,,,i~7!1G ~~•7U0f•re,,~u1(13l/.~b552~bP],Qr!QE•D1/ 
~,TA X~l [ !Dl/,6]272 !2~H~~ ll~t,r P1 ,~01r1,11,Lt025lq51,,~~QE•O!/ 
D&Tl 
D•T• X4l(lb)l~~~ft•B§OD~7~~~qf•~~/,~~l(lhl/,]!~l~?!l7!1tOrf•01/ 
,,r& xu1r1rJ1,015~7~q~7qo7r~E• ~~ ,.~u1r11i1.1bh,~~0~2Pr11~f•~II 
~.,. xa~(:~J/,Q~Q00bb1173~3Gf•P~/,~~1(1~)/,ll?~!Pb!Jh~i7QE•AII 
DAT& YGj()Q)/,~7~3]eh7JS•l~Bf•r~,.~u1r111,,1sh~UQJ~ue1e1eE•fll 
c,r, XUl(lr)/,QO!tb,1P9bQ00![tPi/,~Uj:~i)/,~qqqQJfT73Qf58E•0l/ 
OAT• Xtl!2ll/.9Q~3215~657~7•E•P~/,M~\!Zl)/,~}AblQOJS8:•uo[•~21 
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JW,.•11117 Cl GLt:GfN 76/fJll/1111 211.11.03 ,.lRKEIIZZUII 

c •• 
C,,,,,ABSCJS~AS &NO Wf.IGkTS ~OR T~E GAUSS LCGE~O~E l~TEG•ATlO~ 
t ••••• 

c~ ••.• 

r.AT£ X42( l)/,3~11U811U3lb5352E•01/,WU2( l)l,73~bll2JU232!7l£•et/ 
O• Tt XU2( 2)/,1l~bU5~27lV.~~2E•00/,W~?( 2ll,7lllb~~1,us1u&bf•P.I/ 
p~T. x~2r 3)/,1~173ber.bs&uesE•P~/,r.U2( l)/,72&Sb!752~1~0ZE•0l/ 
~lT& X~2( U)/ 0 7IU5t71ll2b5lbllE•01/ 
DAfA XU?( 5J/,J2h5lbl2l1Ub~UIE•P~/,~U2( 5)/,b11Ab211112llll25112E•III/ 
ntTA x a 2c b)/,3115U2185? PU2117E•PP./,~U2( b)/,b7R@Q7P.}J7b52l[•P.I/ 
OAlA X~2[ 7)/,Ub2l71111?070U2f•Pe/,~U2( 7)1,b55~5b2ijj~tllr,7[•01/ 
OATA XU2( e)/,5~bJll57Ulllll!lllf+0~/,WU2( 8)/,b28U}556~ll~~lllf•01/ 
~AT& XUl! Q)/,~~77U4~117U~~llf+PP/,wU?( ll)/,51171162~2?275RbE•0I/ 
O£TA X~2(1q)/ 0 b~SR8J38~~bll25f+00/,W42(10)/,5bU2b}hlll5~01&t•01/ 
DATA 
OAl• iu2c1211,1s 121qqJ~nf11usF+~~,.~u2r1?>1,ue;1e1u0r112a02c•rt1 
OATt XU2(1l)/,7117Q&205lc55U~E+~ P/,~4?(1l)/,UU~4J57777111bSE•0l/ 
OAT4 XU~I\U)/,8UPl8~9832blbtE+P~/,Wwc(1~J/,U0~o57]5t60b92E•01/ 
OAlA ~U2(15)/,8760?.P~eQ ~ l2!7f+~~/,"42(15)/,353b9~7!P975112E•V.I/ 
~All 
DATA XU2(17)/,113@112J~5735Ull~E+•0/,~u2[1 7 )/,2~4221151152bll3E•01I 
OAll XU2(19)/,9bl759lb~],82~~•0P/,WU?[!&)l,2•221~bb5bllP~2(•fl/ 
DATA X4?(\Q)/,97Q\U2~ ~~~b}7qf•~J/,W42(1~)/,J492?4U~b9735i(•01/ 
DATA XU2(2 ~)/,11Ql5772~,34~~bE•~~,,wu2c2P)/,IIS}b2203017U!U[•02/ 
CATA XU2(21)/,QQ8399ol~qq~~bE•~0/,~42(2l)/,~l05119So~4b4~3E•02/ 

: •••• ,ABSClSSAS ANP WEIGHTS roR T~E GAUSS LEGENDPt IIITEGRAT!ON DROER:113 
C • • • • • 

c~.~-~ 

0~ TA 
:, a T 1. 
DATA 
041A 
OAH 
DA Tl 
DATA 
DA H 
OA TA 
r, AT A 
OATA 
oo, 
on, 
OH• 
OHt 
DAT& 
~lTA 
on, 
OAT• 
DATA 
l'lAH 
OlU 

XU3( l)/,rPAPPP0~00P~~DE 0Pl,~~3C l)l,72Zl575lb~37118E•~l/ 
XU!( 2l/,72~l 1)~1'1;~21E•r1, 
XU]( 3)/,1~392•~~45!~ 7 ll•!R/,~~l( 31l,'tuo3734i52513l•P1/ 
X43( U)/,?.!Uq5h2CU8b~52E•V~/,~U3[ u11.10s2;3877b5A6UE•et/ 
XU)( 5)/,2~U8hlllQ8 ~l~IIIE•~~/,~Q31 5)/,&q2233UU193655E•0l/ 
~OJI b)l,35l282bl2.bUJ~E•~ 3/, WUJ( b)/,675S fi U022293bJE•01/ 
XU~( ,,,,u19~b!l1hl12Q27E-~~/,w4~( , ,,.~ssu12u212bl22E•Pl/ 
XU}( 8)/,G04251!7~7R~73E•ee,,~u][ e11.~318?.38Pa~q395f•Pl1 
XUJ( 11)/,Sabllb]lbbb~~~E•tt~ /,~ ~3( IIJ/,h0~11atl!2U91111PE•Fl/ 
Y~~(!V.)/,b~511~~~9n311b ~E•~0/,~43() u )l,57Ull~Ub!ll5blll0f•01/ 
XU3(11)/,b~OQ9731]751~ ~E•~~,.~u3(1l)/,~U1870er31i~e1E•ll/ 
~ U3 ( 12)/,7llUIUl35?b~ll&~•r~/,~U3(12)/,5~~~119278U3~9E•0l/ 
XJ3( 13)/,7b2 ~117J7l9U9~£• ~0/,~43[13)/,4h7~1UOQ7Su~4oE•Ol/ 
X~](lij)/,6 ~a ~J50~U!Jb0!E+r 0/,~Ul[IG)l,a2~~~~57tll79~!E•01/ 
r a][l5)/,6U7]5371o2Alllt E•P~/, ~U3(15J/,J~]Ul222!11U!3tE•~I/ 
XU3(1~)/,8Pl4§Jl 6521~~1E•r~,.~uJ(!h)/,3382bU92~e~~h~£•!t/ 

X43(13)/,q•Jb7195~8476]E•C~/,• 0]1151/,2Ul9~as~blJ~]eE•Cl/ 
XJ}(\Q)/,q~;4~~~,1~,ij~7f•~~,.~U!(IQ)/,IQ]l~q r, :a2 ~~&UE•e11 
xa](2~)/~11~~!7~?2~Qe~2~E•rP/,~Ul(2~)/,l•2•875~G!l5 7~E-e!/ 
X43(?1)/,qe\QS,~~759J24E+0~,,~cJc21i1.111~311°~~31~~1~E•~?/ 
XU3(22)/,qQ84723l22U2~~E•~0/,~Ul[22)1.311t9~Qn25l~•~1f•r21 

C,,,,,A8SCISSAS ANO ~El~HT! FOR THE GAUSS LEGE~UR£ I~T[GR~TI~~ 
c ••••• 

OAT• Y4a( l)/,3S2~Cc]~Q~UIJ5f•V1/,~w,( l)/,70C,Uq1577!Q1SZ£•01/ 
DlfL x~,r 2)/,J ~5hlll~~,,~~h5E•00/,~4 A( Zll.7P107t~5Q73557f•01/ 
DATA iu~I l)/,l7S5bR01~77~52E•00/,~U~C ll/,~QuQ~Uil6~!572l•01/ 
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..... 

GLF.GEH 

OlTl ran( 1)/,2UU~b9'~•~2~2~~-i~,.~~UJ 0)/,6S~UQ~702h9l~~f•01/ 
OITA XQa( S)l,!:2!½7'&b~P?7~f-~H/,~D~( s,, .• ,~. ~~3e~e•Z9!f•01/ 
ClTl XD4! b)/,J?P~7~J!?IIU7!l•P~/,~CU( b)/,b~JJ6IIU~T9!8C[•~I/ 
D•T• ~1UC ,,,,a~zq~~17C ~2~~ !f -~~,.~~UI 
OAT& xc~; d)l,~?~PSeJQ:Jbh?rt-~~,.~~a, 
oart KOU' Q)/,5 ~Ut7?b53JP ~U7[•0 ~/,WU~! Q)/,58?~9£5~~7759~f•"I/ 
O•I& zcQ(1~ l/,b21U77Jo5Q0i57l •JB/,waoCl~ll.55J l27 3!5~37~1E•0!/ 
DtT& xca(l!)/,~751&~~ 7 Pbh~l?ftl:~/,auur:,,,.sl27~Mqb~~l7~Cr-111 
n~r• x,~c:2,1,7?55J\~E! h6~ l?l•P~,.~ijU(:ll1,U9Slt~~~UU~l51t•AI/ 
Otta i~11(1!)1 1 'J??~1~, 0 ~~AJ~F•~~~,,~o~c1,),.o~~h~q~4p~!"cqi.011 
OA:J JU4rlu)l,~!Sl4~~lqbU5l,t•PU/,•O~(!Uli,40a!t512l:niah[•CI/ 
~Ar, xuar:s1,.b~lqb.~Q50~471~•~~,.WaQl15)1,Jb7~51U7~13~~8(•01/ 
n,,t xca(\bll,6~~53u21e2~•~~~•Pr:, ~aa c1•11,J2~~1222~:2~b9E•0I/ 
DITA 1 • •'!1 J/,9!~b752~Q~~l.7E•~~/,~~ ~( lT)l,27B751'2~?128!f•~!/ 
Ot1i XU~lt6)/,9auz\95V9tl~:9i•~~/,~•4C! A)/~l323!G6t~C2~19£•01/ 
OAr1 aa~t, 0 )1,q•~~?9hSi~i?J?Et~ P/,WU~(,e)/,lR47~16tTJ•tl5£•01/ 
n,rj •ai(2E)/,9~!i~IRJJ~r 79!E •P~/,~U~(2r)/,llbl1~8bTS55a~t•01/ 
n•T~ XG4(?!ll,9~23Jb, u21J &~ t~+nr1,~~«C2JJ/,Bl0~Q&llb7~?qJi•02/ 
o•rl ,~ac22i1,o,!~~~2~~bl677t+~~,,~uuc2,1,.;1usa0~ael1121E•021 

c, •• ,,.85CtS5AS AN~ ~£!~HTS Fo• TMf GAU5S l.[utNO~E JNTfr.••TICN OR0ERs45 
r •• •• 

r. •• :.~ 

n~r, XQ5( ,,,,0,A1~e~0Pl0A10f 0r,.~~S( l)/,b9~q1e2afl?~2JZE•011 
o,:~ ,usr ?)/,bpQe.of~!b3t=]F•01t,~ns: i:1,bJij77JlbQ77hbB[•~1/ 
OITA YU5( 1)/,!37ba5Z~~48]?5f•3P/,W45( Jl/,b~J&as77l78bb8E•0l/ n,,. ) ~5( ~)!,2~~bU 1usq ,e~2 bE•·~P/ ,~: 5( u,, .• ,s~,Q~4!6]6~6l•0ll 
DlTI ~•Sr ~)/,?J~•~C769!~ ~3~E-~ d/,~n 5c ~)/,bba2SJ•844~s~ a E•01/ 
OATA ~cS( b)/,l1~!~2t~G2~~~~f•~P/,W45( 6)/,~l~b~l9575~7ZZ[•011 
c•t• ;a~r 7)1.~~25,2q~~~$A~~E-~~,,~~5( ,,,.h32d1~~Ui7jb1SE•~l/ 
DATA aQS( ~)/.l:!]35~~~3l~&Sf•01/ 
DA1A ,~sc q)/,52~&7c8i~4&/q lE +r ~,.~,~( ~,,.~B77423lTl~8Uli-~(/ 
riri t45(10)/,5~?15~?ii~hQ35E•0~/,~u~(l~)f,\bll~b7t7~ 0 7~5E•01/ 
CtTA IC~(!l)l,b5bR~]l9U~5J2~E•~~/,~~St11)1,53~~~~i~7l!2f8E•9!/ o~,, ,~S(lil/,h~A5~l•~n,11iot•Pl/,~t5(12)/,5~0b7499237951E•01/ 
C•TA ,nsct3!/,7,b0~88~6°u~a~E.ao,,~"5(13)/,~bbb~~8771,37?E•OI/ 
OITA to5{ld)/,7f!7~Ul!250!90E•~~/.~~5!Ja)/,C30U~6f~7~9lb0~•0I/ 
OA1l XG5(!5 )1 ,f?293U22r~e20kF+iA1,~c5c1~)/,3922023b7?9]n2E•QI/ 
"Al~ ~~s,1~1,.s~A1&2C7~qb~&6E•~J/,~U5(1~)1.3Sl~c6q2zo1boqf•0l/ 
tAll x,sc!7l/,FQ)?916717Sl21f~r~,.~.5(17li,31~253709!1515E•01/ 
n,,~ IG5(1~)/,922lb39Jb7t•reE+r~,.•a5(1Rl/,26~QbZl3Q~T577E•~l/ n,r, ~05(!g)/,••·~GJ6~ ~QQ~t3~+0~,.~as11q)/,2Z2lQ~~,~5~578E•PI/ 
JA!L ~U5(2P)l.9&tft~~Jl~]1t~ Of+~P•,~~sr?~)/,1767T535Z57917[•CII 
~Alt XU5f2!)/,0~1,t~715nJ4~~t+PA/,~c5c2:i,,1J~!•1~uei,s~JE•11/ 
DAT~ XU5(22)/,0~2~UQ9QIOU72~L+rA/,~U~!2~)/,~;z!!80?9i2tPt[•02/ 
OATI XU3Cc3l/,9~8h33b~Sl6J~JE~~~/,was(23)i,35n2ue31~~28l5E•~Z/ 

C0 ,,,,ARSCISSAS •~t ~EIGHT$ Fn? THE GAU$S LlGENDQE lNT~~R~TIDN OROERc~~ 
c ••••• 

~ATA XUo( l1/,JJ77?1~~ClhP~2[-e11,~•~r t)l,bT51~h~~A~Q~J5f•0I/ 
OATl 116( 2)/,!~li~~'75J~~~•f•~H/,~Ub( 2)/,hT2\~h:36e~b77f•PI/ 
n,,, XUD( Jii,l6~~0111c~hT!~F-~~,,W,b( J)l,hb~~~~7Q7b3U53E•0l/ 
OiTI XGbl ~,,.2,u7~;q?2~P621F•a~,.~cb( U)l,~5b7T27J?bTJ7Ql•~1/ 
04fA i~b! ~l/,~91lL5~2~7~1~7f•~A/,~G~( 5)/,~a~§q~~J~~7137E•~l/ 
CLTl xo~• bl/,!b!~72~77~?~ 0 o[-~n;,~u~( bJ/,b~9•~~Zl~•UJ03f•PI/ 
OA7• Xab( 7ll,C2~ 14l3!l2E?63E•~~/,~an( 7)1,&)IG'ff277;~~5~l•~l/ 

M~L 
MOL 
~OL 
HCL 
MO~ 
MOL 
NOL 
NOL 
~Ct 

~CL 
HOL 
NOL 
MOL 
MOL 
MOL 
MOL 
~CL 
MOL 
HO~ 
MOL 
MOL 
~OL 
~O~ . 
"~ ~CL 
H~ 
MOL 
rte~ 
MOL 
r.UL 
MOL 
HM 
MOL 
HOL 

r.oL 
H~L 

MOL 
H~L 
MOL 
~OL 
MOL 
MOL 
MOL 
MOL 
HO~ 
MDL 

~DL 
~CL 
MDL 
MOL 
HCL 
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c •• •• 

C 7t,/{Jll/09 

PtTA XII~( &i/,ar527]QIB]8flbf•rr,.~~b( bl/,~q~t,80l115955115E•~1/ 
o,,, ,11~{ 011.S•i1co1,~iolijPf+ ~e ,,~~~, ~,,.s,12~32~~115q~0!-~1/ 
DAta 
n••A •ll•ttl)/,~~I\JCh~~l~?O~E+P~/,~Ob(llll.~12~959b~P71112E•PI/ 
D~l• ~~h(12)/,7~~~bg~!ii;~ t•Ci•V~/,~~6(\ 2 )/•U8!7l~q~1~1711F•~l/ 
DlT4 
PAT! x••Cll)l.1~n73t6~7a7 ~~7f+r~,,wa1c1c,, •• tl5Zl9 J !07t7!E•~I/ 
011• (llb!!S)l,RlH2UiJl7 ~bb UeF•'~'-~~hll~:,.~11,5:3c~357l35f•~!/ 
n i 11 ~llbtlb)l.6b~~753~Dih~P~F-rA,,• 4•(tl)/.]177~.,,o1q1~&[•~1, 
~ATA XOt,(17l/.~qJ7~2111s]JqD , •1r1, ~•~'.!7l/.2175tA~055?202f•A1/ 
DtT& XUb(l~l/,,?SaJ~•Ot8~~7~~•A~i,~U~(l•>1,2ss~~2~&J071J0F•01/ 
c,1, xa~r\0)/,0U~~~2! a \~4bP<E•~~,.~a,1:q1 1 ,2,1,qQQijJS4!lbE•0I/ 
otr, tGbC2 0 )/,Qb~P2!19 ' ~5lqQf+r,,,~ub(20)l.lb0l]SJ4iA7P3ht•A\/ 
~ATA XGb(lll/,q~2111~,QA~Ulbt+~~,.~u.c21;1,1?•7q8~37J ~QAQE•01/ 
OATA X116li2)/,,920n2!~~,u.11f~~~,.~Ub(i 2 li.JQbQBQ~22Q72Q5E•02/ 
OJTA lllbl2ll/.996bb3~~2t3J~IE•~0/,~&b(?3l/,3113~~0r6b~l~7r£•~2/ 

c •• ••• •e~CtSSAI wEJGHTS FO~ ,~E GAJSS LfGENCRE JNTf~~ATlO~ ORO[R:47 
c ••••• 

c·. • ~. 

o•T• XC7( l)l,0re~P?~~~0PPPrE p~,,-~,( l)/,bbll~l2Qb23b55f•BI/ 
o•T• ra7( z,,.-~PHb1 2JqlbJSS!-~l/,~47( 2)1,b~qqns3l58&~~qf•Ci/ 
n•TA XU7( 3ll.!3!~~~e~t55C~!f•P~/,~~7( 3)/,15~573i77bb5118f•0t/ 
~¼TA XU7' •11.1q7J0~11~21QllE•PP/•~47C Q)/,&~~37§5b23!Q"JE•~I/ 
OITA XUJI ~!/.2~1Gl~U50?1U•7~-r,,,wa7( ~)/,~3iJU2!~~PS7!&E-~1/ 
D&TA X~7( ~)/,324&~tUBb3377JL-~n/,~U7( 
DATA )17( 7!/,l~bJ777&UM~Qb7E•~~,,Wu7( 7)1.6PQ,S753~0~73Q~•e11 
D!TA Yt7( 8)/,DUb5~UC73! e U!~[-~~,,wc1( !)/,SQl7JAa~OU233~E•01/ 
o•TA ya7! o,,,s~•7~7~~5~~!5~~•~ M/,Wq7( Q)1.,1~q15~12012J~E-~\/ 
DA TA kij7!l ~ Ji.Sb~~~•~ ~~~1~~&E+~~/,~~1(1~)/.~U7b~U727~1~2~l•0l/ 
OAT• 1C7(!1)/,~!417Hb~~Q~&17f+~~,.wu1c111,.~21Ho,1:1~~,~•£•01/ 
n•r• YC 1 112!/,bb(O~J7~730fJ]t+ , e1,~u,c1l)/,a9JOll377Q7]b0l•A1/ 
DATA 
OiiL Y~7(1w)/,757b7Zq!AUU5l:,~+e~,.w111r1u)/,U315~846b48117QE•UI/ 
OAT~ t~7(1S)/,7~01a17!U1677UE•rr1,~a1c1Sll.3075258bt2253Af•eJ/ 
DATA 
rATA XUT(,,11,~11a1~~1S7Qh~~[•~~: •• u1117)1,l2u3Q2]~5l518ME•V.1/ 
DtTA ~117(18)/,~fl~41J20113~52r+r?,,~~i(1~J/,i~5~~,s~,eP.hQl[•P.1/ 
oar, Xd7(1,11,q?@S0Zh0]P1231~•P~/,~Q7(!Q)/.iQ5492llb5Qb50E•0l/ 
PATA >b7(2!)/,q51~~1q~o~577~E-0 ~,.~a 1 12,1,,?~~]bQ]81117bb8E•VI/ 
DlT& t~7:2!)1,~6~50b7f7l2b5bE+r. e 1 , wu1 1?Jl/,lb?3533]\CbU33E•Z1/ 
D•T• X117(22lt.•FJ451P ~3~7lb2E+r a ,,~~,ri2)/,il0bZFU8QbQ312E•DI/ 
CtTl XQ712J)/,903?5~?1eq~77h~•P~l.~~,125)1,7b38blh2q5~o86f•~2, 
~ATA X~7(2Q)/.9qS,t87ZF.5P~21f.+P~/,w~7(2QJ/.J2B7QS38U?~28~t-e2, 

c ••••• •Rscrss•s 1ND WEIGHTS FD~ TMF GAUS~ LEGENDRE INlfCRATlDN o~~E~•C8 
c ••.•• 

DtTA kU8( l)l.323~017~qt2AbOE•Pll,W4,C l)/,bU737~q~911b8ZE•0l/ 
o~~· XII~( ZII.YT~ou~q,20,.b2E-Pi/,~G~( 211 •• u~bblb133~94qE-~1/ 
D•'· XQM: J)/.lh l Z223~•~·~8Q[.ea,,YuA( !)/,b10202lA~8JbQ7[•~t, 
~•T1 we~, U)l,~J\1~1¥Z2&b25JE•~1/ 
Dl1, VQe! 5)/,? P73h?~•'J~ ~UbF•~~,.wcs( 5!1,o? ~ }qij?Jt50~02E•e11 
D&l, -~R! .,,.Ju~75~~~t?ql!tE•,l/,~J8( 6)/,h3 7~UC5Qlb~~q5[-e1, 
n t l& lUR( 7)/.• P~~hbo•t~~~?li•~hJ,w~A( 7)/,~~IIUAlq60~3?4E•01/ 
D&TA X4~( s1,,a~bq22~~~1~r 0 ~E-~a,,-11~, ~)/,5T27T2q2lVPJ02E•OI/ 
041A X4S( 9)1.s2J1••·7Q?Z22lEtPr/,~~8( q)t.Si1q,5~31,qoq&lt•01/ 
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C ·• • • • • 

0 

OATL 1U~(\~)/,577??Ullb~q1q7[4~3/,~uertPJ/,S?~Q~!~Que51~JE•Ml/ 
01 9 A 
Dllft lJ~(ll)/ 0 ft77R71J7~•1~hn(•P~/,•i~(l2J/ 0 a7cl•b~~UqlU?~E•~I/ 
n,r, ~1A(l3)1,72~Rl'l~0~2!Mll+n~,.w,e(ll)/,U9~7•~~n~5bbqlf•~I/ 
O&l& xu~r1u,,.,~1:5qPJl51~7.J•Bi/,~U~(IUl/.ul~~~~~2qu3JbU[•2t/ 
DATA l~8(:5)1,R•7 ~~b2rqr?ijJUE•n ~,.~u~ ( l5 ll,l8?~!35t~b5S30!•Bt/ 
~-Tt 
n&:a 
DlTA XU8(1~)/,• ~5R7ql~h 71~~7f• ?.~/ ,~U~(l&)/,27U?h5 P. 91P§357f•01/ 
OAT& 
DATA xa~(i~1,.q57.0~77 r 51hYU2f•rr,,~,a,2011,1q~t~lhrU57355[•JI/ 
Olla 
D~Ti xa~(22l/,Qfi~12U5~37?26~c•rP1,wu?c22,,,11u7723U57?2l4E•0I/ 
~AT& ~U~(?J)/,~0353Cl77.2bh]r,E•rP/,N4E(23)/.7J2755lq~l27b2E•e2/ 
OA : t 148(24)/,996771U~Y252U2f•P~/,W46(24)/,ll~l34b052lP58E•02/ 

C,, ••• •~~CISSAS AN~ WEJGMfS FOR lHf GtU~S ~EG!ND~E l~TEGRATlDN OADEA•OQ 
C • • • • • 

,. . 

~•f• XUQ( 1)/,0P~nrrB~BP~A~~E ~r,,waq( l)/,hlQ~~28!tte7Q0E•Ptl 
OlTl xaq( ?)/,hJG2~hfiuQ~2h~bE•Al/ , ~~O( ~ll.bll35~~Q2q~OQ1E•0I/ 
r1t, x~q( 1 : ,.t2b~e5qa7z~q~Jf•P~/,WIQ( J)/,6Z0527~7Ub§!qqE.n11 
DITI xaqr ij)/,IFQ?u1s~2~~i~IE•~r,,wuqc 4)/,b2]1b4t732~i5hf•01/ 
OA1i x~qt Sll,2Slt35t7~nl25~E~~~/,M19( 
o~r. xu 0 1 &ll.ll2~17~]2\l975f•A~/,~19( ~,,,h~?QJb]A953l51E•0I/ 
~tTt ,aq( 7!/,371hGJ5Pl1b226£•0C/,~uq( 7)/.~6Dli2757b0P?bE•0I/ 
o,;, ~~Q( 8)/,~2q77zq~3\~1~7E-~~,,~a,c 8)/,S7302b Rl53~tijb£•0I/ 
D&?l ~~9( ~J/,~~bl7l9~1U52U 0 E•~~/,~U9( 9)/,55~5J3,9b7ij!~2E•0l/ 
~Ait -~~(1Hl/.~U~bl~2ub9Qt,2E•~~,.~uqc1ei1,5336R7107P!258E•~I/ 
o~l& i ~qi1~,,.~ 0 2~17~q~i~~qPf+e~,,~~9tl1ll.5t1r~uq~3J~s~ar•o11 
DAil XU9(12 1/,c~l75UH)l ~l q2uE•0U/,Wl~(l?)/, C8 bl5hq5P87628£•0I/ 
~611 ~U9(15l/,b~~~GJ8? ft U25l]E+~~/,~~Q(ll)!,~5~3~539]555Q5F•0l/ 
DAii 
OITl ~G9'.15l/,71~12~•e ~,usaaE+~~,,-uq(l5)/,U3~lb9~5Jbbl72[•ll/ 
OAT& XU9(1&l/,S!~•?,~17JS~85F•~P/, 4 UQ(l b l/,3b61232P9bl000E•PI' 
DATA xaq(l7)/,8aq ~9z11qsau!bE+ rr, . ~a ,c11)/,3ll~QUbb7qlb?2E•e1, 
o,r, Y.~0(1~)/,8~1~~AU-~57} :;~~ •• ~,,"oq(l!)/,2~~,1~84b2~S8lf•01/ 
OAlA 
~AlA 

~UQ(21l/,05a~5]~5~~7~l3f•~r,,~~;c21)/,leeu!SQSR~]A8QE•01/ 
r•T& 
D•TL xaqc2,i,.Q~h751~,~q1u21E•A~/,~U~(?,)l,IJP2P~~IP3!5q3E•01/ 
OA~t ·•QCI J )/,qq37e~b~jC~~,~f•~~,.p~Q(2Ul/,7~35~qq5qprsbOE~02, 
CA'A x ~~(25l,.~~&620l5~~~b•Jf•~l/,~~qc2S)/,l027Z7!98eqzzQE•32/ 

~;::::.aj[ISSlS AND ~EIGHTS FO~ T~E GAUSS LEGE~D~E I~T(GR,TIDN ORD£~•5e 
c ...... 

OlTt •50( lll,ltPq533,32,,~q:-r:1,~s~c !)/,b2l7b~le~55j4bE•0I/ 
~,,, •SP( 2i 1 ,q3:1a~P!~~ PPe~E •A!l , •5~: ?)l,6\QJb~b7Ullb~2E•0\/ 
oiT& l~~ , Jl • ,tia•Q ~~ Q~OQ?l ~~ •• ,,.~ 5J( 3)/,ol ,55P Qq~q p3 16~•~l/ o,,, x~n( ~11,llhU~721o&76~4f•r~,.ws~: Q)l,h0 ~}7q7iPa1,~Qf•~ I/ 
o•Tl t5?-( ~)1,i,&?~~1el7yq5\f•~P/,~5 C( ~l/,~~7~~J5£7~42~UE•~I/ 
O•T• XS~C ~)l,3J~5~~2~~QIQ"uE•~P/,~5B( b)/,5~• ~CPU ~5tJ?21l•~l/ 
PATl ,snr ~l/,3Q3U!Ulll!q75bl•r~,.~~~f 7)1.~::r~~25ea7J27E•~l/ 
OATJ y~~( 3)/,55S577C~S~b?12E•0I/ 
DATA XS~( 'l)l,55710.Z!86!9QbE•e11 

PAl.f 

l'Ol. 
HCh. 
"!C!,.. 
H!"L 
lllil~ 
Ht;,. 
H'nl 
"!Cl. 
KOi. 
If~ 

"~ kc-. .. ,.. 
l<IU. 
"IOL 
MOL 
KC!!. 
MO!:. 
Ml'IL 
HQI,. 
MOL 
1'10~ 
'40~ 
HO:t 
MC\1. 
MO-., 
MOL 
f"Q!_ 
MOt. 
~n·t 
14!lll. 
~n:.. 
MO:!.. 
Hen, 
HQl_ 
l'!:'L 
1-tOt 
HOL 
MOIL 
HOi. 
"ttl. 
HC:.. 
Mzt, 
~Ct 
1'10~ 
HC!i. 
~o:. 
KO',. 
l'ICL 
MUL 
MC-t 
H~ 
flf O'l. 

. r-o;. 
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N!), l7 

e,1 
!'fi! 
&H 
eu 
895 
e,i, 
119T 
8'18 
809 
'ft!'e 
9?.1 
Ql"1 
Ul 
QU 
OS 
Qi!. 
9i!IT 
'1118 
QH 
918 
QIJ 
QU 
'llJ ,u 
QI§ 
916 
QtT 
•He 
Ql'I 
921 
UI 
'Ill 
fi2J 
024 
9.?5 
Q2b 
9c1 
9ZI 
"2' fi]e 
931 
'132 
U3 
Q:511 
Q:55 ,u 
9)1 
Q]t 
Q)fl 
QU 
9~1 
942 ,u 
CIGI 
CJ45 
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RUN•)~7 0 r.l.(Gf" 7t,/'loa/f/J9 Zl7,13,l!l PAl!IC[RZl 1JII 

r,u, 
llArA 
l)lTJ 
OHA 
!)J,. 
OA 1A 
0£U 
!)Aft 
OAH 
Ill TL 
()JU 
01.H 
!'\HJ 
i>Hl 
f.lLTA 
OATJ ... 

~SPCl~)l.~~,,~A\~=s1u&~~.v~,,~sP(10)/,Sl~S57~30~9St~f-r!/ 

X5~(1!ll,'e:ss,~t~J~~r~E+0 l /,•~1(13ll,, ~3Z7~~4,,~6~JE•~I/ 
wsi1,~i,.1,~u1~Jlll~b ~ht+ ~H/,~~~(ll)/,~l~?8~~!,Q£JU7!•i1, 
X5~!:~,,.?~t~~~i~ 2Q~~u~r• ~~ ,.~~ ~(!S)l.l8~~ 1 7~~bl258~[•~!/ 
YS n C10;1, ~?15~2~ 7na~qJ• E•h~l, •~ ~,1 ~,,.1s~~ ~8! 5&1~l4~E-21/ 
k~~(17)/,~~~~?01hOn2004 t +P J/,~~~ (!7)/,Jl2l372~2i3~76l•~1/ 
YSP•1~,, .~ •s•~101,•? ~~ ,f•v~,,~s~!l6l /,iN,~2qo1s~~s,s~-~1, 
YS~r: ~,,.qtJ ~: 7PG~~~~s7~[•Pr;,~~~(1~)/.25lb'!~73~7~012E•Otl 
X5A(?0)/,01t65~b!8~CCfPl•~~,,•~~12fl/,2\7!~703!7~125E•~l/ 
x~~r?1)1,05b~l~O~~t~?~aF•r P/,~~r( ?l)/,l6!lS~~n,19aRqf•At/ 
Y5~122!/,q/2~~UJ~5\~h~Qf•A~l,W5rcz~,,.1al8~6227bl46~!•21/ 
t~~r21,1.rya~3~u~~~"~~?'E•~~,,~sr,c21)1.1~~~~:~~H3!Ji!t~•~S/ 

X~0(25)/,~~6c~bU~Uw~~~7E•~B/oW5~C25J/,i~CE~,2S5ll55tE•02/ 
c_ ... 
c~.~~.A@SC!SSAS AMO ~ElG~TS FCO TH! GA~S5 lEGENDnE l~TEGR&TJON OROER:51 
C • • • • • 

r. ••••• 

OAT~ 1511 \l/,~g330~~~0~?~ BOE ~V/,~5lC l)/,b~0989iUSbt20bE•~I/ 
~Al& 151( fl/,bACt\1~11~~5t8t•Pl 1 ,~51( 2)t,~1~~5Un4~4U~55E•B1/ 
OITA X5tr 3)1,b~~4~5P~q!~7Jb[•~\/ 
OA1A 1SI( U\/,IA\0770?~Q~7V~E•"~/,~5\( U)l,5~~F~3 !57715B2E•~I/ 
OITA X511 5)/,~Ul5 ~ 1~~h-478?f•r~/,~~\( 5ll,501~!99J9229b0f•0!/ 
~Al• x~t< blt,Jr!l~7~r&355J~r-e,1,ws1c •J1,ss1e1a•1q!2S~IE•Pt1 
DI.Tl XSI( 7)/,357~7~~5~~3~a,f•~r,,• ~I ( 7)/,Sbq~ssr77?7257E•lll/ 
Cl!A 151( 6l/,a\~11l9Fl2~b3iE-~nl,•5I! ~)l,55521.5?~q5736f•ZI/ ,.rt 1511 Ql/,Oh&~5•9~diftb~~l•P ~/,W~i( Q)/,5JR7!252313~U5E ·01/ 

. U•t• ~~t1 ,n,1.~?:621~~;3~~~~ i ~~ 0 ,,~s1t~>>1.~2tJ~~z19Jo&~~r-a1, 
OJTL x~:li)ll,57i&~~~!•l5!l i E•c~,,s~1(il)/,Q9Qq7v,~!S~~SbE•~l/ 
011& (5Jrl2)t,~?17557~U~nn7?E•~0/,~~1(12)/,a7773b2b2U~l22E•C1/ 
04ft rs1c1;i,.~0RJc122111531f•r~,,ws1c11,,.~s112s11u01eu9l•01/ 
t,tTL X5\(\U)l,7(?UJ4~57Si73•E•~?/,W~l(IU)/,a26??be7qq7~74[•PI/ 
OATi X~1(!5)1,7~iRQ~l~u-~~JTE+~P/,W~J(!S)/,4~~~JU7h2esu•bE•011 
Pill X!\(16)/,70~~at7:2~001AE••el,~511lb)/,37195Zb89232b0f•l1/ 
OATl 
·04TA ~~1(1~1!.~~M8~b7lll~Z29lt?0/,~S111~ll,ll!~~q71l9~!SOF•01/ 
OlTl r5t(JQ)/,,9 B27121RPZQ$~f+Pl/,~5l(!0)/,27775798~qut&2l•01/ 
OlT , XSl(r.~)/,Q1&37l6~23~Q7F~+P0/,~~1(7e)/,2UCIJ3~P5717o!E•0I/ 
,,,. X5l(?l!i,Q]q~t75UU~M?9bf+P"/,M~l12i)l,260590~e~~l7~JE•0I/ 
OATJ 15\C12)/,Q~P?b7BG~hl!9 ~E+~P/,~,J(2?)/,17~2~7\U7?3U~\E•0l/ 
DATt X51(2])/,Q7J 0 n1,-s.1qJ2~+P 0/,~~1c2l)/,l]~JZ~!Ue~~a1~r-~1, 
~AT, xst<2a11.o~~q15,o11Js93f•rH1,ws1c2~:,,1r!ti5••12~•iizt•Pt/ 
D&Tl XSJ(?~l!,9~0?bi20~1J&75f•P~/,W51C?5ll,b5Pf~ ]776325i0E•~2/ 
DATA XS!Cib)/,Q~pqpqqqp~QpQ~E+~P/,M5l(i0:1,z7qb8P7!7l1S9Q[•0Z/ 

C,,,,.AfiSClSS&S ANO W(JG~TS FD~ THE GAUSS LE~fNDQE t~TEGRAT!O~ OROEF•S2 
c ••••• 

~A:L X52( 1)1,c~91U!rq7Q73~q[.~il,~52( t)/,508!~3~57qs~qlf•0\/ 
011A x~~( 2:,.~~~5~J•ab~6e 0 q[•P!/,~~2( ~),,5~S~•Z~Jl7!2~7l•O)/ 
DbT• V52( 3J/,tc 0 ~3~5 ~e ~?e•~t-r J l,•~2( 3)/,Sll!i~615~~bC~Z£•~\/ 
r,Alt X~2( U)/.~~7qr?2~~!5b~7~-r ~,.N~2 C ~,,.~~s?q5~l7?!~llf.•~I/ 
OAT! Y52f ~)l.?~6~?~733~~~~~~-P~/,ft~2( ~)1.s,~f~~QJU~Z~2~E•~I/ 
OATL X52! nll~5 2 l\qS0~ l~lU~1E•~~,,~!2C ~l!.~~b?~~lJ9223~7£•01/ 
O•T& X52( T)l,3702~K2~~11•~Q~•r~/,rl§i( 7)J,55!~750Q~bQJf)t•~I/ 
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P&C.E. H~• l~ 

"''l!. CIC. 
"'C'L UT 
MOL us 
MCL 914'-
1<0~ q~e, 
f"t:L qc, ,. 
"t'L q~z 
MOL 95) 
MOL 4511 
~CL qss 
HOL 95t, 
l'IOi. '157 
"'OI. 958 
"C!. 95'1 
MOL ,~e 
"'0l t;t,t 
"'0l h.? 
l'Oi. 9H 
"'Cli., 4f>U 
MOL 9b5 
MOL 4161, 
MCL 'lbT 
l't'L 41b8 
MOL 4b4 
MOI, 9Tll 
HC1. 971 
"'0~ 972 
MOL ,;n 
"'Di. r,741 
ML 91! 
"'01. 9711 
MOL 9TT 
l'OL 417! 
MOL '17!! 
MOL '181'1 
HCL 9~1 
HOL '1112 
MOL qes 
HOL q1111 
MO~ '18S 
MCL '98b 
l<Oi,. '18T 
MO!. qge 
M:)L <;~<; 
"'0~ , 991!! 
"'DI. oq1 
l'OL 9U 
MO\. oo 
"'01. .,,~ 
ftiC~l 9'15 
MCL 9'1b 
"'CL 4197 
... ;L. 99! 
MC~ 'JH 
_!--CL 21'11!0 
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c •• ~., 

0 GLEGEII PHll<tPUUII 

~~,. X52( ~)/~GJl~bQ~~771~7b~•Pn/,w5?( ~,,.~3011u0~~3,75•E•et/ 
OATA X52( q)/,U~b,bb74Stq~~,t-A2/,~52( q)1.~z~•zz553e1~0bl•e11 
OATA 
OAT& r52(11)1,5 ~77SR~~U?70~kf+A0/,• 52(11)1.~8U J~ 2bQ 1~•27GE•PI/ 
PAT& X52Cl?.l/•b'~ ~kb?7~~0524f+P~/,~52(l2l/,Ub7lq228l7c7!1f.•01/ 
OAT& X52(1l)/,b~~••tQ 0 U227lbi+~a,,-~?l!J)/,UlRo17lU259PPet-~I/ 
nAlA l5l(l0)/.72l7k?~•o1o~q, , .~~/,W51(1Ul/,~!]51210502550E•~I/ 
DATA Y52(t~,,,7~?70~ 0 ~s•q3?uE+P~/,•~2(1~)/,]8b00b7e11eu21f•rt1 
~All X~2( 1b}l.~~ ~~~7~~Ju3r~~~·~~,,-s?(lb)/,J5~0t~lU~l5P.07f•01/ 
O•TA 
DATA X5?!1~ll.~~3qRb 1b2~qk~b~•e~,.~s~ct8)/,2qq1~581!Q71GG[•01/ 
OAlt X: 2(1q)/,8~C33ee~~51U"Q!•~ ~I. WS?(lqJ/.2b7o5q537~e504E•P1/ 
~•r, X5~(2 Bll.?10~Mbl2FntbU2(+P~l.•52C?r)/,2351751355lqBaE•31/ 
()Al• X52(21)/,~~\\UJ~5l~u13~E•ta/,~5l(21l/,20!HU6Qt5n7q61i•01/ 
o•T• xs2c,2,,.q~q~3!~lbq33e~E•?.~l.~52(22)/,lb76~~233qb301E•01/ 
DATA X5l(2~l/,qJaR~!e812217~E•~P/,~52(23)/,l331511Uq5z3a1t•~I/ 
o•TA xs2c2~,,. 0 ~~QQhl95~~ 15~<•~~,.~s2c2Q)/,0602b3457qu~?.bE•02/ 
CAT• 
OAT~ Y.5?(,b)/,qosq~llll i 0~qw;+P~l,"52(2bl/,2b9ll!b0500U7lE•~2/ 

c •• , •• iest!~SAS ,~o ~E!G~TS rep T~E CAUSS lEGE~DRE INTECAATIC~ CRD[As53 
c ••••• 

c .• 

DAT• 
r•AH 
OAH 
nAU 
()AH 
C • T 6 
DAT A 
OAH 
'.l~ T t 
OAH .. ~,. 
o•TA on, 
DATA 
c; t TA 
r.•T& 
DAU 
()AH 
on• 
nAlA 
CAT A 
1)&11 
DAT& 
()4H 
O!.TA 
OAll 
CLU 

X~3( 1,,.~p,0pi20,,0~0ur 0B/,N53( l)/,5e7IR7qat5l!b4E•0I/ 
X~3( 2)t,5~~~5q5Q3~~?~0E•P!/,~~3( 7ll,58617~R~?1?7JQE•AI/ 
X5l( 3)1.l171&76~,~,,q~r.v01, wsl( 3)/.583!Glttlb225~E•~l/ 
Y~3( Q)/,1757.4bhh2l5~33f•r,,,-s!( 'il,57e10~1"0qt712E•0I/ 
)5\( 5)!.212721~~J72427~•P0l,~53( 5)1.5710~Q3553b2&bE•21/ 
X~3( ~lt.f•Q~Q,r0hU~lh/F nV./,W~ll 
X~J I 711.iJ~ ~~~ ~~ij gQ§7?l•P~/,Y5J( 7l/,55lil637523 i JiE•Z1/ 
XS!! ~)/,1~ 0 55~!~b;53q5 f •~~/,~5]( ~ll.~l~27blU~~&73~f•~1/ 
XS!( 9:t.U52o&22!9~bl& 4[•~~/, ~53! qJ/,52l57qP.722~87lE•~l/ 
X53(1~'1,~~U2~0 9]!b571!l+ AH /,w§](10)t,5070 ~1q!nbq~q2f•01/ 
, s 1 r111,.~sa~1~32~2•1AbF•~ ~,.~5](1t)/,~66 B2b75 ~l2bQBE•01/ 
X53CIZ)l.bOIQ!q?P5713'7t•~ ~/,-~1!12)/•Ub800!~034~750E•01/ 
X5]f l 111.b477t37U1Qlb5 ~t +~n/, ~~l(13)/,~U733969!0]b7ZE•0I/ 
t5!Cl~)/,&0!}15~7 Sb~ l3bt•P~/,~5}(\U)/,U2Q2Qb2Db3ij5Jq£•P1/ 

r~3(1b)l,77t2?7b~U9?~~3E•~~,,-slclb)/,37]75b ~Q~~]482E•0ll 
X5JCl7)/,~ ~12~2u0ea116GC•a~,.-s1rt7)/,3Ub533725835}3[•0l/ 

XS](IQ)1,87~~JQZ075!~2UE•~P/,~~3Cl9)1,28e&e]23bl7823f•el/ 
xs111~,,.~Q~!RZ~s1~7~~2 f +n~,. w~1c2oi1,2sa00ue?s101s1E•~l1 
X~J(21ll.9>2U28b~j~Ucilf• ~~ /,~~l(21)/,22bb9b7]~57~7et•01/ 
~53(22)/,q ij J~q5 , 53;buU3r•~~/,~53(7.2)/,IQUSt721)01&37E•01/ 
X~1(Z1)t;~bi5 1 qo~•h2Jl}f•~~/,~~3(23)/,lblbb72525&b~7[•0I/ 
X5!(2U)/.075e1•2111,uqµ~.~~,.-s1(21)/,l282b02bl4~2U0E•~I/ 
X5](?5)/,Q6bQQ71]5~2ll7~+3~/,~5](25ll,OU41cA228U~u03E•02/ 
•53!2~)/,~QObn\Ql~l~&eic -~~,,•S3(?~ l/.b02U27b?~bOU8•£•~2/ 
X51Ci7)1,qo~Q60Q,J77blil•~~/,~~3(2 7l/,25q1b6l72~ib7JE•0Zi 

c ••••.• ~st:s~-~ •NO W[JG~TS re~ THE GAUSS L~Gl~ORE INTEGRAT!r~ o~ot11-su ,. ........ 
OAlA ~~At !Ji.l~~lb71!!Q93~2E•A1/,W5~( !)l.57bl753b7~7JUIE•BII 
DATA X5~t 2)/,8~3~4~1~Zb3?laet-e11,•~~( l)I.S7U2~!37A5<1ll£•A!/ 
DATA xsuc Jlt.lU)~054273lblbE•00/,W511C J)l,57A~lq75~se7q4E•l!III 

"'OL 
MOL 
"CL 
P'CL 
l'CIL 
MCI,, 
HOI. 
~OL 
HOL 
MOL 
MOL 
MOL 
MOL 
MOL 
MDI. 
MOL 
ML 
MCI. 
11t'I. 
MOL 
"'CL 
"OL 
HO!. 
110L 
MDL 
MOL 
HOL 
"OL 
HOL. 
MOL. 
IIOL 
HOL 
HO!, 
":JL 
HO!. 
HC,I, 
HDI. 
HOL 
lo!CL 
'401. 
HOI. 
HO!. 
,;01. 
1101. 
P'CL 
"Cl. 
HOL 
!'1"1, 
MCI. 
140!. 
M~ 
HOI. 
HC;. 
MCL 
P'l!L 
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IHI 
IP.l:?Z 
lffrl 
Jflell 
lft'!i 
1112• 
IP.i!T 
llll'!I 
1rn 
1'111!1 
1111 
lllll 
tell 
Ulll 
UIS 
11111' 
lfl7 
sen 
I I'll 41 
I fl21i 
11111 
11'12! 
lll23 
1,21a 
ll'li!S 
12'2111 
U27 
U28 
1:2q, 
lf!JII 
u:u 
Ulll 
un 
10111 
Ul5 
10]11, 
UH 
1fl!e 
10541 
10GJ 
ucs 
l<"l:i? 
111 .. 3 
1Bil4 
H!55 seo, 
IIIIJ 
sue 
111041 
11151 
1eiss 
IP.Sl 
1fS3 u,o1 us, 
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IIU'l•lll7 

DH• 
OLU 
!>HA 
~1'! 
f'P; 
r,LT• 
!1At: 
fJt. T t 
o~•• 
!:HI. 
P,!i,.,& 
n,:,. 
OAH 
(l,\: .I 
DUA 
C•TA 
OAH 
O&lA 
!HTI 
OAT& 
OH! 
r.•q 
(lA!A 
'lATJ 

n Ct.ft;fN 

l5~t ~,,.~~P 1r,>qJ~0h?if•~e1,~~bt ~f'~~~ 1,12i~~,1~tESE~e11 
,: S '<I ( "' I • 2' "; f>.,; 7 ~;;:,a 'H~ ;-1; • f ~: I , , i ( j I , c; r) 1' l !. ;' e?. ~·:~I:,~ QC• ;.1 1 1 
X5C{ o)l.3~t?~i1lAPJ~:;1;~~~/,~~~~ 6)1r~c,~b7~~'Jl~57€~n11 
-~~: lll.lh~Qf4\q :~ 1;~~~[~P~1,~5~( 7) /r~J~L2~7!~U7~~!E•~)/ 
J~C( PJl,~231Clth~q~zqfj[•%1/ 
Y~u, ~l,.~ :r1~~~12~ij 1J~f-b~1.~~uc q);,5~~~~h~71~bt~Tt•CJ/ 
x~qC1~Jl.~? i bJilS1J~~~3~t~r1,~5u(trJ/.C~lt?J?7\lU5liE•~:/ 
,su,~•~l.5~PQj?7~f!q~i~t•r~/rW5~f!1]/p~7~~Jb78G~~c~~E-~J/ 
)~ac•2 ~, .~!~!f ~\U ~!1? !if:•P~l,~5~!l?}l,05~iJ~bh7?!2i~!•f1/ 
~SU{!))1.~~q7~~!~!!!lt~~:-PP/ ~•5 G(1~~/ .ai,i1J?~]~Q~Q7f•~\/ 
~5U(!4)/,7P1Q~Je ~q 71q1JF+rM/,N~a,1uJf,G!~~11rbll~~4~~-P)/ 
Y~Ui:5''•'-l~i~5;r r ?9!~~.o~,.~~U(1S)I.J~bc1~1e1a2!C2l-~,, 

t3t(!ill.~t~i331t5~!35 7i •~~/,Y5~(t7)1.11~'lh3lhUbd172E•01/ 
i~uc,e11,,Jb!4 ,·~!SYJ~7~i•lil.~~~r1ft)/,l~717l~2~97E7~~-,1, 
X~M(lq)J,~7~uJ~u~•lt~SbE•~P/,•5•11,)l,!/~5h]i9]1?59S[•~l1 
x~ucir1,.~ ~ 1~?2?•b•Pu?~•-o~,,,,112,,,.~co;2111~b72~ef•~ll 
~~uc2:,,.~~~~1~3~~~~~~5 £+,01.~~~ c2t>l.2i;~bU~JU21~~lfQ~j/ 
x~cc2~,,.~lS~i~~~S!~aQQ~~,~,,~~~(2?}/.l87~15~7b?!4~~E-~l/ 
X5~(?jl/•q~27 ~)~U 57B!,Q; E-~,l,,~~~(2~)1.!~~eLJ~3Ql5q2~E•~J/ 
1~ac;,;1.~ ;bb~c!2 ~~ ~7' ~E•~~/.w~c(? U) /,l?.;n;3ze12•~~1r•~\I 
~~t(25ll.~~7~2 ~~1 1 3Q7]<1;•~~,.~~~C21ll.q,,~;J~Q~S53~?3f•32/ 
xsijri~,,.,,u~•~1•1r1~1•t•rr,.~~i1~nJ1,SB~~~1:A1SZJ99E••?1 
~,a,~i;/,9~9~2b~o~!b73•E•e1,.-s~:?1)1,7aq7Qbl8357&!bl•~l/ 

~:::::ABSC!SSIS Wf1~"1S so~ T~f ~~U3S LtGENDR~ INTEGPAflO~ OR,tP:55 
C .. • w •• 

DAT• ,~51 ll/,-1r~~~c~~~~~~ff A~!,N5~r l)•.~bbJ297~~~~s.,E. ~I/ 
OlfA i~sc i)t.~t57Z7~351ri!~7E•P!I,~~~( 2;,.~~~12):ez,9771i-~1, 
DAlA )~5( 5)1.l!?Qb~?~~0~•?;~E~~~,,~53t S)l ,~b2~~bltP7:a6if-0l/ 
P&ti ~55[ U)/,l~~•u]~L5o~n97f•P~l,•55f Gll.557~~,q~l9~2~3[•21i r,,. )5~( ~)l,2?1~~23~1bJ76~~-~~,.~~5( 5)/,55l~~z~~PP?5tl~•rtl 
!'Illa ~5';( t-)/,<T'12"!',S;;> ,•?.11t f.•('?/, ~'55 ( !,)/,5~35,;>;•9'._\?~Dt0E•:ll/ 
n•T• ~~5( ,,,.1!:1,~l7F•9~0lf-~Al,•5~( 7)1,~3!~0~T~0Plo~SE•~l/ 
DATA ~55t ~)l.~~~OJ3~~~7U?OAi•,~l.~.~~C q ) / 9 522,7J71SC~b3t[•PS/ 
DA 9 4 Y~S( ~l•,JJ15e½l~ ~~J 11?l•PP/,~~~I 9ll.~~~l76~5!2~QQ3[•?1/ o.,. -~s,1~,,.~?767515!1,7Q7f•Pe1,•~~(1il',"9C!Sl•171!~~1'•~l/ 
DlT4 Y~S~::,1.sJ~?52S t~QC ~J~f•~,, ,,,~s~r! 1l /,~777~20A~SSZP0f•01/ 
041• ,ss:12,,.s~;11213~~2 ~01~•au,.~~sr1211,~~q~rJJJ•u~?6J!•~l/ 
OATA W55l!3)1.~~ij1~~51C~J~~3£~~~,,~s~(tl!/~UU~\~1•~~2lb~o~•~~/ 
~~Tl t55(1GJ/,h71?r1°•R3IQMlE•1Ht,•§5(!~ll,~!QSh~~•Jl7Ti!E•a1, 
C&!• -~~,1 ~1,,7!1~~§J9,~R~~1=+~~-.~s~11s:,.~,,~~1s1~,~3J7E•JI/ 
O~tb X~~r:n)/ 0 ~~r~~l SS~l~~~2~·+~~:,~5~(i~)/~!73~blS7f~1QtSZ•fl/ 
~ATA ~55(17ll,7•~et~7•JJJ7b~f•P~l.~½~(\:)1,~uo•2112~JJ~aq~•AI/ 
OITA 1!5!!Rll,PiJa~qzq~5~;,2~•r~1,w~~IICJ/ 1 1?J~~~P•22~1A~f•~I/ 
OA,, -x5s :, 0 ,,_fst~qu~n~h1715( ••'~'-~~~C1~~,.?~b77~57J~5!bl[•~1I 
~.,. -~~,? ~1,.~•97o?J?lJIQM9f+~m,,w5cr2~,,.,bo~2qblUS~JCtf•C1/ 
tA!A •~~f?tl1.q~s~ ,1 ~~1~raij~~~.~~,,~s~ t ?1)1.i~~ -~ 2~@~~~~7?5r•~!/ 
~~ YA X5S(2?)/,~27~~,~2~7~~7~t~er,,~s~:;2,,.2:1~~~ ·1tb~~~t~f•~!f 
DAT& ~s~c;J)/.~J7~~~8h~0l,i1E+:~r1,h~~~Zj~/.l~~Q~~tas2;•7l?!•~l/ 
DATA Y5~1l•)l,9na~Ji3i•~q~i!!•~•,.•~~r;,11.!S~Jbij563Jl\!2E•~l/ 
DAl4 t~~Cl~)/,97/515•J55~JQ~!.~~,,~E§(?5)/,ltC2~1&0711Aij6[•PI/ 
natl 
OAT, X5!(?7l/,0~~~~7~7r~~7Jl[+~~/,~5~(?7)/,55U~~122bb5b07E•02/ 
04Tt X55t?,11,uqqeo111Q5b4~lE+~i,,~s~,z~>,.2"ca321~19q19aE~a21 
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~Oi.. ~e~e 
~'.~L J ll'l'I 
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11v;. lfbZ 
~C, !Ool 
1'1i;l JC!>il 
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1-!0l. le-JR 
t-:tJL lt<71 
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t1Di.. 10,s 
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MOL uas 
111\L 1086 
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"401. U9S 
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Ji("" ' "• lt•n 
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•:Oi, 1099 
~-:r.~ lt~I! 
"Di. 111?1 
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0 CL!CEH P&R~[RZIUR 

c •• •• c •• ,,.,esct~s,s A~0 WEJG~TS FCR TH£ GAUS~ LEGE~ORE JNT[CRAT?ON OROfR,So 
c ••••• 

r .. , .. 

OAT~ rSbl ll/,277~1Al5297275f•P.1/,WS&( 1)1,5557qf4bJ0b5llf•81/ 
OlTA XSbl ?l1,e,.~Sl~&e22u1s£-e11,wSh( 2,1,ssu07q5z5e324u[•011 
oar, Y§b( l)/,l!PS5554&Atn~~f•RAl,W5b( 3)1.55Pb4605q017bt(•0I/ 
Ollt )So( a)1.1ql37~2;R~3527f•PP/,~Sb( 0)/,54551&3b&7~AB6E•81/ 
O&Tl tSb( 5)/,2C7&0~Q0~Ul4l4F.•A0/,W5b( 5)1,53Abq7&\Bb5714£•01/ 
011, XS&( 6)1.l n 10b2?5lijo722f•PA/,W5b( b)/,5102l37A524AP9t•01/ 
t,Al, t5&( 7)1,3S!591~52\7495E•0r./,~S&( 7)/,52 ~~ 01rq1s1101E•Pl/ 
PAT£ X5b( 8)/,U~502b88~927POf•A~/,W5b( 8)/,50B5~062bl779TE•01/ 
OATA X5b( 9)1,U5S?.1~~1487AMbl•~~,.ws&( 9)/,495~5924b63P.4bf•81/ 
DATA X5&(le)/,5~30~771~3B43P(•0A/,~5b(l e )/,U6~227Ub70]5QQE•01/ 
04T, 
ntTA X5h(12)/,~Qb7Z21a?77~bbf•P.0/,WSb(l2)/.ao&lbl27&52bQ2E•0l/ 
PATA X56,l3)/,bJ0395l~b607AP.E+0Z/,#5b(l3)/,U2703?.1b06Ubb6E•81/ 
OATt 
DtTl 
C~T, 
OAT• 
04TA •~b( i 6)/, f ?.b570tl2\42RRE+0Pl,W ~b(le)/.31?.0 ~876747]10E•0t/ 
CATA X5bCl~)l. 8 Sb576~337627~f•~?-/,h5b(lq)/,2RbAR2bP,G73822E•0l/ 
~llt X5b(20)/,A~39261 ~6l?76 2f•P~/,W5&(2~)/,2509bQR7P58392E•01/ 
n•~l X56(2ll/,9~esa5b2e C2AbSE• ~~,.~s&t2l)l,23Z25351562565E•e11 
011, 
OAit 
rATA 
~•Tl X5bC2S)/,Q7R3 ~ t7 ~9!QA2SE•3~/,W5n(2S)/,l1500624340383E,e11 
DA!t ~S6(io ~l.c ft 62~l7155• ~1tl•~~/,w5b( ~hJ/,iUl9~b3lb3l~7SE•02/ 
~ATA 
OATt X5b(28)/,qoo~qa343e~1u,E+00/,~5b(?.e)1;232Je55l757732E•02/ 

c •• , •• AestJSS&8 ,~0 WEJG~TS FORT~! c•uss LEGlNOHE INTEGRATION OROEA•57 
c ••••• 

~AT• V57( !)l,0PP0000~0000e~E P~/,~57( l)l,54b3G32875b59AE•n11 
OlTl ~57( 2)/,5G~071St0~lb47f•r.ti,•57( 2)/,545~2Ar3bea7otl•P-I/ 
DATA XST! 3)t,1 ~9~5 13~2a~,79~•~01,~57( 3ll.543a6~7!452G9YE•ftl/ 
OATA 157( ~)/,lb ! l7P,~b?~0\1hE•~r/,w5~( a)/,Sl0~20blG~3298E•ll/ 
~~TA X57( S)/,21~8~1~2~79nl?f•P.-l,W57C S)/,53l3478b58~818E•0!/ 
~All X57( &Jl.2197Rb.T!lbl~~E-eP,, ~s,c t)l,52bUtt33Q720l7&E•?l/ 
DATA X57( T)l,5!72UP6!Q?t517E•01/ 
~AT• X5~! t,)/,37,18G~QC ~~~59~•P.~/,W5T( ~)/,50h67~7P72ijD27E•0S/ 
o,r, x57t 9!1,~21;,Q ~~1 a s;~~E-~~,,~~,r q)/,QQaQ7982uo201,E•011 
01,, XS711 ~ll, i J21)1b ~QS!?Q7E•~0/,~57(!3)/,ae1&1172hblb~7l•0I/ 
Olf~ 
DAT& XS7 1l~l/,Sn ~UUb~?Q~~q~!E•e0/,W57(1ll/ 0 U5~b~77~1bl3~~E•Bl/ 
OATA X57(1ll/,.PqbGt,J2?~~71t•~~/,~57(1l)/,~33~bUU221&214t•~tl 
n•TA 1S7CIU)/,b§2~1~2?626~97f+re1,w57(J~)/,UIU22A•uer~t~~E•01/ 
C4ll 
DlTA X57t1•ll,7l,P~6lU&7~~~lE•~~/,~~7Clb)l,J7?q OJ1~Jl4GJTE•ftl/ 
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RUN•tln 

t~ •. ~.: 

CAT• 
DITA 
[l&U 
CHl 
~~.1A 
:,, t _t o•· • 
!lH! 
!\HA 

0 GI.EG£N Tft/30/1811 l'Ull.tllZlUII 

'ICl,ji!-( ?\)I• 1114711!' l ?r.?. I ;>OE• l!e/, .. 1,2( l'! l /, 2 ! ~ll! l?l2771>7Bf •811 
~~~(2~)'•"15~~7~!5LJh?Q~•B~l,~•2(2«)1,111;o,11111,1,~~S7lE•it/ 
r~?(Z~l/,9;?96AU~ll92J~f+0~/,w~ZC2~)/•lb72K8tt711~177[•~ll 
~~Z(Z~)/,1~~Q9!!72~~]9l!~Pnl,•b2(2o)l.l~\!&l91G2\6'b£•~ll 
X~2t?711,v•1~~~7?3! 9 lt 5~ •r~l,•o~{?T)l•ll~87!1~!l1010!•~1/ 

~~2(~~ll.~9?.,~11117\1~••~t+~P/,~62(2ql/,~ll?~ijQ1110lftJ~~E•Al/ 

c ••.•• •8SCI3SlS •NO ~[!,MT~ ,o~ TM[ GAUSS llGE~C~f fNT(GqAflON O~JER•bJ 
t •• 

, .... ,. 

DAfl Whl( 1)/,~~A~~~f~00 ~00~E 0ii,~llf lll,U9~72~~~~Z39l1E•3I/ 
DiTA Xll( 2)/,a;u5;1f7!1•1SQ[•E1/,~~l( 
Dill Xbl( J)/.9R7~3]5bGU~O~U!•~1/,~~~( 
rAT& W~3( 4)/.1U787?78~J57~7f•~8/,~6}( 4)/,U8~2R4S2e~P51l£•Bl/ 
DATA X~lf s,,.:o~&~~34t7'15t[•~~,.~~J( 5)/,C85l&7A0007P8lf•fl/ 
OllA b)/,?~u~ae7~J2C595~•0~/,Wo]( b)/,U7°e•U21!3lqOaE•0l/ 
OlTl )~]( Tll.U733!~71ll22b8f•~I/ 
011, Xo3( 8)/,U~S3~14qzas]6lf•01/ 
OAT£ X&3! 0)/,]~55?~3114l\?25E•~a/,~t1( OJ/,~5&477U787b202E•0t/ o~,. X~>(\~)/,UJ~h83 7"e7Q5)1[•1~/,Wb3(1C)/,4ijb~6~,5,l5?UIE•~t/ 
~•r: Xo1(!1)/.u7~7872 • 1119J6 ~~-~~,.~~1(11)/,U3SQ~1~'D~3~77E•~1/ n,,. Xb3(12)1.~t7 =l6&1lZ~~f\E+CPl,~a5(12)/.a23z51~s02es15!•21/ 
CATA X~J( ! 3)1,~squp3~ &~UblZ~r~iP1,~&3(15Jl,4lOJb~U575~•b&E•01/ 
oat, X~3(1U)/,5~97C~?~l677~~E•~~l,n~3r1~,,.115~7qq5~q13uijf•~I/ 
D&Tt 
Dl~, Xb3(lD)/,b!~ P. 22,~61l~Q&E•~ ~,.~~3(lb)l.3bUb]37~~~~asrE-~1/ 
~·,~ X~ltl7)1.1t 1~,, ~J~~s~a,~E•~?!,~~3(!7:1.1a1bS?~rb C~~~SE•2~/ 
o,r, An~(it)/,,US32~b~hll78,E•r0t,wo]IIA)/,~?Q6203Q88i770E•~l/ 
0411 •bl(IQ)/ 0 71ilB!2~ZQIIC37E+P0/,"~J(Jll)l,311!8'.!~b22Z!llf•~1/ 
DilA ~6J(?P)1.~,:~3s~11S 7 7!~St•A~/,WbJ(ill/.2q11~i~7?~a2eJE•~I/ 
nATj X•ll?ll/,~J57!3S5Ul111Qqf•?~/,~~3(21J/ 0 Zltb•57~!§0~?7E•~1i 
OAT• X~3ic.Z11.~~l~O~M~c~hUl2£+~P/ ; ft"J(ZZ)l.2~obab2~553]QSE•0i/ 
OlTA 
~Aft t~! ( ;d)/~11 ~7T7•3•?17bSJL•0~/,•b3(;4)/,~07Sl'~l25801qE•~I/ 
~AT& lhJ(2511,02r~~oo20~21eaf+P~/,~03(25)1.l~~~l"•~Ub?1&1£•011 
O£T4 x;,J(2~)/,0JU7ZblJ4~0l0 ~~.r~;,w~3(2~)l.lb21S878-l~l36E•~I/ 
OtT• X~ Jl21)/,c507711 ~~~,~~~j~•r~/,wb)l27) / ,llB~u&t2elhl!SE•PI/ 
ClTA 
~,,. X~J(iOJ/,9~?&~~6!~50J72E•Jr/,~bJC2•>1,Q12~••e&7b3lb5f•~Z/ 
DlfA Xh3(l~)/.Go ~,?A~•~eo11ot•~e1,.~313P)l,h71~20!7b50h01[•r21 
04TA Yb}(~1,,.~~022~112!77~7f+ie1,wb~(~1)/,~27b5 ~83~b~&l7E•r2/ o~,, i•]i!2)/,9Q~Zh2°~orz112f•0e/,~~3(3i)l.)8l98745115~'7ll•0Z/ 

c •••••• ~SCl~S•! £ND ~EIG"TS FOR TN[ GAUSS LEGEN~~[ lNTE~~AT!~N oqD~R•b~ 
r 
- •••• fl ~•Tr tbU( 1,,.P~]~•2112hblQ~~E-Pl/.~.ur lll.J8hQ~q~7~eO!~llf•~!/ 

n,r, lb~( 2,,.,20~31z1 9 ,7711~f-~l/,~bU( 2,,.~,~7~~0,~U!~~ZE•t!/ 
~·;~ It~: ] )1,121~•1~1,,o~JZE•e~,.~~U( 1,,.~b!UG7b2?l~e~2~-e1, 
DAl• I~~( QJ/, ,~~bt~~?IQZ]IIQ[.~P/,Wb=I l)/,~7c9~3e~511bU57E•Pl/ 
~lTl l~Uf S)/,ll''2~b~J7arH!!•~~,.~~ ~ ( ~,,.~1sue1•571UF2Qf•Pl/ 
OITl X&G( b)l,2~dl87!~?l~~,7E•Arl,~~~, ~1,.u1,QbA1tl~!~2iiE•~t/ 
DAT• Jb q ( 7Jl,l!IJ2ZS7J~O Z21E•~~:,w • ~C 7ll,~b2~~711~~~l]l~E•AII 
'•T& t~~( 8)/ 0 3572Z~l~63]~o7t•APl,~~4( @)J.U54~lb27Q27Ut7f•01/ 
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UJI nu 
UJJ 
Ull nn 
Ul• 
tJJ? 
Ult 
Ill' uoe 
1141 
UGl 
UGJ uu 
lJQS 
U4• uo ua, 
un us, 
:351 
tlSl 
Jl53 
n~• 
1355 
us• 
1157 
1351 
us• 
13&1 
ll&I nu 
llbl 
tl64 
nu 
1367 
13&1 
l:!t,9 
1311 
1l'1 
1372 
\l73 uu 
1175 
137-un 
!l7e 
ll1t 
UH 
1381 
n11z 
ll83 
1361 
J 385 
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165 

RUt4• I IT D GLFGEl,I h/1111/111'1 z,1.1J.n P&RK[RUUII PAl.f N.D• U 

DATA X&O( ,,1,402?7Pl57'1~J'l'IE•r.111/,~bUC 'l)/,445'1~558lb3T55E•01/ "DL JJ8• 
DATJ XbO(IA)/,OUblbb01T25JUbf•PM/,WbO(llll)/,aJS&lT2052'1323f•01/ "DL t3e7 
O&TA XbOCll)l,UA'IU0llU57A7~SE•VP/,WbU(ll)/,42U7J51512l&5JE•fl/ "OL 1381 
DAT• MOL 11e, 
DATA XbO!llll,57!~qstu&ZP2ol~•PP/,~bU(lll/,~qq537a11J212a~-e11 MDL 1]'11 
DITA MOL 1J•l 
o•t• X&~(l5lt,b~e~•sa112~ao5l• i Al,~bU(l~)l,l7A551285GA2J'1£•01/ MOL SJ'll 
DATA MOL IJ'IJ 
C&T& ~b4Cl7)/,71qSPl~5~17l&lf•3A/,~bU(IT)/,33~ ~51&1Al7141E•lll1/ MOL 1)90 
0&1& X~Ull~lt,7,r.Rlq'l~72blll5lC•r.llll,"bU(l~)/,l2U57'12855a8Stl•III MOL tl•S 
OAT& NOL 11•• 
~•7• X&U(2A)l,&!l?.b53151227~t+ee/,ftb~(2P.)/,26J30&72blG2S'IE•01/ MOL 11,1 
oiT& x&a(?l)l,RUAo202qbZ5257f•001,~bQ(21)/,2&J77Gb'171505UE•011 NOL t]O& 
DATA Xb~(2?)/, ~b5000308J~q ~?f•A~/, ~bU!?2)1,2U3~27925&8711l•IIII/ MOL 13q9 
~AT& X&UCZ3)/,~~v3tSGQ5qo511E•001,WbU(c3)1,2221~17lft0Rl6lE•01/ NOL 1411 
DATA MOL !Gil 
D&T, X6wC73J1,qzosoq112111'1Jf•An/,w&a(25ll,17'151715775&'17~•11/ NO~ 1001 
O&Tj XbU(2~,,.ou&a1111aes~10E•An/,W~0(2b)/,l57Zb0l047bA2GE•AI/ NOL tGP.l 
DATA X~G(2 7)/,Q~lnr~ 7~~b521115E+00/,WbQ(27)/,lJQb3~4T6'1b7l8f•01/ "OL 1010 
DATA NOL toes 
OAT& Xb0(2'1)/,qeJ,,b2538~Ub2f+9A/,WfQ(2Q)/,~8ab75'182b]bl8E•02/ MOL IQl6 
OAT~ "0L 1ea7 
OATl x&ac,111,oq~3u~11&771'15E+30/,W~Q(31)/,UIG70332b05b2GE•A2/ ~OL 101! 
DATA "OL 1109 c..... MOL 1011 

c •••• ~-~SClSS&S •~o W[ICHTS F~R THE GAUSS LEGENDRE INTEGRATION OADER•&B "OL 1a11 
c..... "OL 1012 

DAT& X~~I ll/,IQ5tt38325b7'IOE•A1/,W80( l)l,30017813b5b30&[ h 81/ "OL IGIJ 
DAl• X~f ! 2)1, 5S 5~o•37i52a21~•~t/,~~~( 2)1,3!9~6JQ 59b?7bQE•01/ MOL 1414 
DATA ~aa: 3) / ,Q7~PR3,8M41~SOt•Pl/,~8~( lJ/,}6639b5le59051E•01/ MOL 1115 
DATA x,0c 0J/,tl•lbOA226~0l4E•9~/,~80( ~)/,38bbl75'177G07•t•IIII/ kOL 1•1• 
Dlt& XSA( 5)/,l7U7!2291~~2b5l•PAl,~ 8 U( 5)/,l8U2UQ9300&'15'1f•01/ MOL 1417 
OAT• X8~( 6ll,?!20q aS~28S7~7E~~0/,~~P( b)/,l8!29711llOG77E•01/ ~OL 1418 
OAT& x,A( 1,,.,~~os21seJq227E•00/,WRA( 7)/,l777b3bU3620AIE•r1! ~OL 101, 
DATA x~,c s,,.z~~52P. ~~UP.~OSIE• 0 0/,~P.0( e)l,373b5U'l02367l0E•0I/ ~OL 1421 
OATl V~0C Q)/,}?56hU37 37U7fPE•~~/,~&0( r.)/,lb~977\0bl827bl•01/ ~OL 1021 
OATA ra~CIP)l,3bZ J~ ~75JU,QUOE•0Z/,~6~Ci0)/,lb37370'1'105835E•01/ MOL 1022 
DtT& X60(!1ll,l0~,q3ae5ij81'17t•A0/,W~~(ll)/,357QQJQ3Q5JQISE•~l/ MOL 1023 
DlTA XnPl!2)1,033!7S37 ~A31T5l•~01,•~ ~ ,!2)/,35lb~5~'10QQ7Q7f•01/ MOL 1a2• 
OlT& X~0(13)/,fic~6q~oljl705af.0r1,we~Cll)/,JGQ7]120Q5175JE•~l/ NOL 1425 
r• t • X~0(1U)/,5P28~Qlll~8b78E+P~/, ~~r(1Q)/,lJ7JJ2lUOSObltl•01/ NOL 1116 
r.•r4 "DL 1027 
04Tt MOL IQ28 
D!Tl X60(17)/,b~33J ~b?2S2Q75f+~~,,we~cl7)/,3121 ~1701881l~E•PI/ HOL 1429 

r OA1& X8~(t~l/,bll ~7$ 77304b&~E+0A/,~6e(18)1,30212l217S9557E•ZII MOL 143! 
OAll HOL lAll 
OAIJ -~01tr)1,bPQh'ihUQ34?r2E+0~/,W80(i~)/,282508lbA57276E•01/ HOL tG!I 
~lTA "OL IG!J 
DATA k80C22l/,70Q POP2q7~83&~~.~~,,wAr(22)1,2bP752357b7565f•PI/ r-oL JG!4 
OATI ~R~C23)/,7oq5~2U20!35~UE+9f/,W8~C2Jl/,2Uq22~l5JbQl15t•01/ MOL 1035 
CATA l~U(2u ) /,7qJRl27!7S0Qh~E•A~/,•R~(2Q)/,2J7Jl80?8&5QJ~E•01/ MOL ta!• 
DATA x~~(25)/,81h•~qt]~bfJOol•00/,WP~(25)/,225 3~A00ZOh3l2E•81I HOL 1417 
CATA t~P(? ~)/,~JP~3lU735~~2Sf•~~/ 1 WE0(2b)l,212UUA2hll5782E•31/ HOL 1039 
OAT• 18A(27)i.!~QijJIUPbhb]llE•~e,.w~~(Z7)/,IQQ~~blPe78I02E•~l/ ~OL lGJ'I 
DATA HOL JOGI 
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i;:u11.,e, 

c ••••• 

0 C.LEGtN 71,/1)4/89 ze. u.e, l'ARlttRZZUR 

DAfa r~t(29)/.eOh~75~TtgJ~77F+nP/,w~•(29)/.17170652r,e,11,tf•Bt1 
O&lt l!O(!P)/.t\32~~1~257l?SE+0n/.WP~(3Pll.15Atbl~J583725f.•il/ 
~~T, 
CtT, kA~(32}/.t422~27bl!P087E+IJP/,~~e(l2)1.l3~o~7bl~~2Q01f•~I/ 
DAT• 1AH(Jl)/,O~g5q77hb343b3f+A~/,~R0(3])/.llbZ4!1A!20708~•fl/ 
D•T• X~3(3~)/,0h5G~~PPtrqJ~r,.PP/,~b0(3a)/,t01bl7~bP*l103E•01/ 
OA;~ •~:,c1s,,.,,ao~o,apsRS72f+PP/,~~P(3S)/,~bP30452b92bA7E•P2/ 
r.&T• 
DATA •~~!37)1.teo201102ao 0 rsE•~~,,~B~C37)/,5ot~•22us1ue31f•P2/ 
OAli ~~~,3~)1.t1U22754~9b~beE+r~,.~,0(!~ll.•1~03!312Gbq4~f•02/ 
Oil& X8l(l0); 0 qQ7bUt8•C1Q~23E+Af/,~tP(!9)/•2~b3533S89Sl27[•~2/ 
DATA 

c,.~ •• ABS:tss,s AND ~ElG~TS fOR T~f GAUSS LEGtNOR[ INTEGRATION ORD!R•Ob 
c ••••• 

Olli X~b( t)l.1&?7b7~U8~~&03f•01/,w9&( l)/ 0 32550btG4923b2E•il/ 
OAT! 10&( ill.486t2~B5!3&05iE•~l/,~~b( 2)/ 0 3l51&1187138b8E•0l/ 
DATA X9&( 3,1.8J?Q7C054b0425E•P!/,W9b( 3)/,32447!b371UP~GE•01/ 
n&Tl X9&( u11.113&9S8501Jrb7E•rP/,WOb( 4)1.3234382Z5&8575t•et/ 
CATA XQ~( s1,.1~5~7l714e5ij~~E-~0/,WQI,( 5)/,322~b20G79U030f•Bl/ 
OAlA XO&( b)l,178B9&!82J&7b2E•~~/,~Qb( b)/ 0 32tlU45b23tttif•f!/ 
O~Tl X~b( 7)/,?!0D3!Jl~4b~~7f•P~/,~9b( 7)1.3182875~89441~~•!1/ 
OAT&~•~< ~l/ 0 l41743J5&lb384E•Pe/,W9•( 8)/ 0 3\58933077~?~&£•01/ 
DITA XOb( Q)/,2Tlt9F8t259!05E•PIJ/,w0&( 9)1.lJlJbQ2550oe&tE•01/ 
D~fA X9h(l~ll.3~ule"q~Q3S4MQ~•0P/,~4b(IP)/,310l033?Se63l3E•0I/ 
~•T~ 1Qb(ll)/,l352Ph5Z?~0?.b2E•P~/,W9~(11)/ 0 30b7137bl2~bbtE•01/ 
~ATA 1~b(l2)/,lbSbQb86IG7~31E•P~/,-Qe(l2)/.30299~1542i~21f•~I/ 
r.AT~ Xtb,l~ ; / 0 l~S1r.7&~98?69!F•~0/,wQ&(ll)1.29~9b$UUJ3b328E•ql/ 
o,r, •~•r ! ~1,,,2s . ;rqss~ ~,sHE~re1.~qe,cJM)/,i94bl~,Qo5!16Tt••Ji 
OATA -~~c,~1,.u5~7i?~l2i~77~f-~P/,~~e(t~)/,?690ijbl~l5P555E•e1, 
n:TA XOb!l~)l,0~3ij~7Y7392~50E•2~/,wQo(l~)/.264074!10bS065E•01/ 
04TA tQb(l71!,~11&0~17715Ubbl+PP/ 1 k0~(17)/.27~7~~~7b!b~G8l•81/ 
DlY4 
CATA YQb(!Ol/,S6~51PU!BShl3Y~+P~/,~06tl~)/ 0 2bh2&66&12559tE•0l/ 
OATl X06(20)/,593~,2l&077757E•~0,,wo&(2P)/,?.b2t2,U07l5&72E•0t/ 
DATA XOe(2l'l,bl8~256w0!25~7E•~P/,"~0(21)/,2557~~3bf~5lU9!•0l/ 
OlTA J9b(ZZll,bU4\blUe37~4Ybf+te!,W0~(22l/.?~qz~•33222G83£•01/ 
OAT• Xtbf23l/,hb87t!3\?~U]9lf•??/,~1b(2ll/,2~2~UP0!7923hGE•Pl/ 
011& ·••<l~l/,o~l5LD53bbQll7f+r~,.~qb{24)/,2ld8J3Q9~~~qze,E•01/ 
D&TA 
Olla ~~6(2~)/,73k~3P~437ilQU~r•?P/,~Ob(2~)/.2ltb664U4l~7quf•01/ 
r~T• xo~(c1)/,7SOhr.2JUlJ7bb5~•~~,.~Q6(27}1.21!7cq3qP.Q2tO![•~l/ 
CA 1 l X9b(281/,7~,;6~P436&7U3E•~~/,~Ob!?~)/,l~\Sh7Q7t5u3l}E•Pl/ 
niTA Xtb(if)/,8~m3~~1~111,1cF.0~,.~Qh(2i)/,IQ51q~6l!UPIU5E•~l/ 
D£TA YQb(lJl/.8!04~t3tPlJ702!+P~/,Wqe,(]r)/,IS6b~619~274llE•01/ 
DtT• X9b(l!ll,t37hl35ll22~l~f•0~1,w~hC31l/,!7J8!5C2llb~~5E•Pl/ 
OAT• 19h(l2)/,6S~o5Qr,330JQ60F.•r.~1.~96(3?)1,16~P~4796642USE•8l/ 
t14TA XQ6{ll)l.~71'8~5JSOP92qf+r.~1,~Q6{3>)1,15Qi~Sb20f2S62E•0I/ 
OlTA l9b(lu)/.8~&•9~5!70P?~\E+~~/,w,~(J4)/,15~3,TZl~i~oq5f•0l/ 
OATl X9b(\~)/,~Pl~h ~•J53!~~5E•~~,.~q.r~~,,.,~ij,~Q•l77Zll5E•r1, 
04TA XO&(J~)l,~!5~71u?J12~q,t•rn1,~q~11~,,.1i12~22o~tb0&![•0l/ 
DilA •1~(\7)/,0Z1712~5b7223\E•F"•••q~(J71/,!Z!5Jhna~7tle5F•Cl/ 
Dill Y0b{3Rli.QJ?J7~]1~?527~i-,r,,~~~,,~,,.,11&21~2~Q~ele£•~l/ 
D4T4 
DATA ~Ob(~~)1,q,Qc~e2i1~u~7~E•~P/,Wq~(~a,,.~1a6b7IZ337fllE•ri/ 
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PA,G[ MO• l7 

11n1. 
P'OL 
llOL 
"OL 
1101,. 
"OL 
NCI,, 
l'OL 
MOL 
IIOL 
MOL 
MOL 
1'!01. 
'401,. 
HOL 
MC\. 
l!c;I, 
llOL 
MOL 
MOL 
MOL 
>IOI. 
MOL 
M!li. 
HOL. 
~O!.. 
~OL 
140L 
r-OL 
"OL 
l"OL 
14OL 
l'!OL 
,-.DL 
"'OL 
ICOL 
lo:OL 
.. 01. 
l'!OL 
MOL 
P'OL 
MOL 
"'OL 
1101. 
HQL 
MOI, 
110L ,..n,__ 
1'-0L 
MCL, 
"OL 
"'C!L 
ICOL 
~!lL 
1101,. 

... , , .. , 
tUJ , ... 
1445 14•• 
IHT 
11111'-' 
su• 
10'51! 
U'51 
s•s~ 
1451 
1454 
1455 
t•5• 1•n 
14'58 
ll!i• 
1068 
1••1 
JUl! 
t••s , ... 
lllt.5 
1166 
uo 
108 
ti,f,0 
1ne 
141t 
11.T~ 
14Tl 
1474 un ,.,. 
1011 
14176 
1479 
14&11 
1491 
IUl! 
1an 
10!',S 
ta~S 
1U6 
tGlf 
u~a 
lGH 
11100 
to'H 
!£:qi! 
140 
uq• 
tns 
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0 C.L£GEN 

OATa Y9bCUlll.9&tl2•~2aabJ~1r+iz1,-9b(4!)1.Pllo&7bQ!St9d7E•Bl/ 
OlTt ~9o(42Jl.97~9l9J~Q5~~13[+eA/,~9blUc)/,7P.9o47~7Q:!~~Af~rz, 
OATt 
OAfl 
o,~1 re&:u~l/,9qli4!9~D521r~t•~~1,•9br45lt.J9oU~~olJ~~au&E•02/ 
DA!& 
DATA l~b{Q7)/,9~clb~375F&ll~£•~r,,~Qb!~7)/,Je~,~b07~6•4~9t•Pc/ 
~•TA V9b(U~)/,9q~~89~ ~-88l2,~•ie,,~~b(08)/,79b79Z~b5552~1~•e3/ 

c,.,., 
r. ••••• 

JQ Tts(B•A)/2,f 
l4 TZ:!~tA)/2,f 
11 
22 t~ Jr(NP1,GT,bG)GO re 23 
2b 
JC: r;o iU ll!I 
)! 2~ JF{~Pf,Nf~~a,&ND,~PT,NE,qb)GO ,~ se 
~3 JC•l3Q5 
a; JFt~?,,E0,96>lc:11~s 
4b Je 
Qt, It:at 
llb J 2z:I\IPT 
5? 00 U J :rt, N2 
~l x~rc11~~-x<IC>•Tt+T2 
~2 XPT(t2l•XC!C)•Tl+T2 
~? ~4TCll)i:ioll IC>•TI 
&? WHT(t2)i:-~l(lt) ~z Il=ll+! 
o2 12=!2•! 
b2 llr tCslC•I 

\il"' P.ETLlll!I 
Ir.I SA wPil!(b,~2)NPT 

bA ro~~&1(14P ,50~•···· WARNING, GIUSS•LEGENDRE R[C~!STlD ~ITH 
1 16) 

112 ~PT:t 
Ill TC YPTCl)sT2 
113 WHT(l):2,P-•TI 
117 r<ETVRN 
117 ( NC 
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RUN•t01 C ?!,/111/09 PAPICERZZUR 

fU~CTJON PLH(L,MM,~J MOL 1~J5 
C "OL t'SJ6 
C l'OL 1511 
C PUIIPl)S~ MOL 1 !,JI' 
C COM~UTlS NOWMAI lZEO A5S0Cl•TE0 LfGENDIIE POLY~O,ltL! BY ~~tUPSJON, 1~39 
C MOL l~&f 
t O[Sl':IIIDTTON OF PAIUMfTfAS ~OL l~tl 
C '""•"AG'IF. TIC 0U4NTtJ" NUHF.[R~ l'l~L 1~1il 
C L•SIJP.Slll1'~Y QUANTUM N\l~8ER, MOL 1511) 
C X.COSl"IE CJ" THETA, "OL t'S ,:.i 
r. 1sos 
C SU!!ROll~JNES ANO FUNCTION S..JdPRl)GRAHS PfQUlllf:0 H'lL \!,G6 
C NONE~ M~L 1507 
C 1'01. S'Sllfi 
C i1ETH:JO "".IL l'SIIIJ 
C lN ACCO~i) IIITH MCLEAN .lt.:t; YOSHf.l'JNE CONVfNJIONe .,OL 15511 
C EACH PLN IS NO~HALIZr.P TO 1,0 ON (•1,,1,J, MCL 1$51 
C PROGRAM OF R1 Nl,, 11 C.OJF![D BY $ 1 GR[[N 0 M~L SSSZ 
C Mill 1551 

10 H:JABS(H~) ~oL 1ssa 
C MOL 15S5 
C COMPUTE CfN~~AL c,sr BY ~EtU~SION u•~·~ .. s TN LANO ACPnbs I~~. HOL 1556 
C "OL 155T 

I" FO?HlTCl~~,,?H•*•• E~ROR, A~GUH[N~ ~UT Of RA~~E FOR PLH(,216 15S8 
t , E Z 1, \Q, SH ) •) ~Oi.. l 5St 

C l'OL 1560 
II 20 XL•FLOAT(l) MOL 1561 
12 IF (",GT ,L,Oll,L,LT,0)GO TO q9 "'OL 15~2 
c l P!q .rn "'L ~56! 
21 f'i!aX MOL l 5611 
?.l TFCL,EQ,B)GO TO 61 V.CL 1565 
1a 00 3t' ?sl,L t<OL 15H 
11 xt:FLOAT(I) '101. tS•T 
ll l'OL l56e 
l! P1:P2 MOL l5•11J 
3! 3~ P2:P3 '10L t5fe 
U JF(M,EO,l'l)G:l TO 61 MOL 15ft 

C MOL l!ifZ 
C n f.N~J ~r LCOP Pt•P(i.,ll,l() MOL 1513 
t MOL JS?A 

at, !rl"'~(X),r.T,'.,e)~IIITf(!>,IIIJ)L,14141 1 "0L 1575 
65 z::,H;RUA!!SCl,f.i'•~• ·o, ~OL !ST• 
TC JF(Z,i.T,l,E•b)CO TO 49 MOL 151:'7 

C MOL 1571 
C IF Z:0, T"f"' ) .. I AN;:'! FOR 111,ca.,. l'OL 1s1• 
c ro1. 1see 

t~P PL~•0~E~ "'DL 1511 
l~P RETURN l'OL l58Z 
IA ; QC! P2~(XL•1,Et')t(PZ•UPI)/% MOL 15!3 
IA~ r.o ~0 1•1,M '<OL 153, 
121' XI ilOAT(?) MQL 1585 
Ii ~ Pl MCL 158~ 
1.?e Pl Pi> MOL ISIT 
1~2 50 ?2 P3 MOL 1588 
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0 1tdBlllll'l 

FU~CTJCN PfPCN,L,~,ZtTA,R,COSX) 
C 
t 
t PUIIPCSP: 

l'AIIKfliZ2Ull 

t (YlLUATJON CF NO~NALlZED SLATf~ TYPE IASlS FUNCTIONS 
t 
C DFSC•lPT!CN or PillAHETERI 
C ~-PPl~ClP!L QUANTUM NUNBfR 
t l•SUP.~lDJAIIY QUANTUM NUH8tA 
C £XPO ~ENT 
C Q.~AOllL Dl$1ANCE = cr.s~-cOSlN[ or THE ANCLE T~[TA 
C 
C ,Je90UTIN£! ANO FU~CT!CN SUBPll~GRA~S ll[QUlll[D 
C S'LM 
C 
C 

lb ~F•L NnR~ 
I& ~TMtMSfON FACT(I) 

C 

DA}~ FJCl(l)/0 0 2[1/ 
DATA fACT(2l/P 0 2AE2/ 
?AT& F&CTCll/~,72Ell 
OA1A FACT(~)l9,UP.l2E,/ 
Ol1L rAC!(5ll0,l&2~8[7/ 
DATA FACT(h)/V.,G7q001&f-/ 
OllA rAC1!7)11,67t782~11Etl/ 
rAtA fACT(Sl10.2e~l278~P@8f14/ 

·~ <~1-~•1 
t~ NOPMst.0 -

C 
C CllCULATE THE N~?H•LlZ•TION CONSTANT 
c · 

ZI DO 10 J:t,~ 
l~ 10 NOPHzN~ll~•2~~•Z[Tl 
J? ~nq~=~oq~/fACT(N) 
~7 N0k~:S011f(NORH) 

C 
C HULTI~LV THf ASSOCJ~TrO lFGf.~~RE P~LYNOHJAL 
:: 

41 REf~~OV~•frFl•ZETA•~l•PLH<L,M,COS~) 
6P JFEW,Gi,l)~[P~R[?•Q••l~•l) 
7G RffUqN 
7& END 
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1615 
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S617 
1619 
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U,ll 
U2l 
1622 
l6U 
H•lli 
tUS 
162& 
1&ZT 
lt-2! 
162tt 
t63e 
tUt 
1UZ 
1U3 
163' 
t6l5 
tU& 
1637 
1 t,)11 
163' 
16111! 
16111 
16112 
160 
lbJII 
1605 
1&116 
1607 
16G! 
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t 
C 
C 
C 
i'.: 
' C 
C 
C 
t 
C 
C 
C 
C 
C 
C 
C 
: 
C 
C 
r 
r. 
C 
C 
C 
C 
C 
C 
t 
C 
C 

: 
C 
C 
C 
C 
C 
r 
C 
r. 

i'!2 
22 
2Z 
22 
22 
n 
2Z 
i!i! 
22 
2l 
Zi! 

0 PAP.llt:RZZUR 

SURROUTI~[ R~OHOL(CO~t ,ELCOfN,NNU: 1 NCl~T ,~fl ,aR 
I SJNi ,ZNVC ,zr. , IIIUD ) 

PlillPCSf: 
?Hf CH&AGE OEMSTTY FO~ (IN[lR CLOSED ~HFLL HCLECUL[S 1 

0£SCPIPT?04 rF ?•~-~£TEqs 
CDif•CD11Nf ~F THf THETA ANGLE~ 
ltCDFN• ~•:~,r Dr ,~t tLECT~n~ DE~IITY 
NNUC•NU~BE~ OF NUCLEI 
t,ll!~n- ,,t'l"l!fR C• wiDI4l DISUNCCI 
N;I•~~~~E~ nF THETA AN~LES 
x~-~•nilL OI"T'NCES 
Sl~T-SJN[ or THE THETA ANGLEI 
ZN~ ~•~UtLlAR CHARGES 
ZN•NUCLfA~ ' POSITlON5 
IPElD~~ IF JT rs ~OT N~CESSA~Y TO PEAO JN Nt• OAT~ 

SU8ROUT:NE5 fU~CT!ON SU5PROGRA~S ReQUJR[O 
AEP 

M[THO!) 
1Hl ELECTRON DENSITY IS ~TOAfO JN ELCCfN 

DAT~ ,n ,E q(AO JN 1, JQf•O JS Ncr EQUAL TC e 
ClRO; 

TTT~E t, I JN COLUH~ l FCLLO~ED BY fH! TJTL£> 
CARO <' 

l,Lil'R(R OF 'IIJCLC: 
C4RO l 

NIJCLt•A MASSES 
CAR() o 

THE OISTtNCES Rf1~!E! TH~ NUCLEI 
TH' n:s,i~rES ~ET~f(EHT~f NUCLEI 
lM( OiST&NCfS BET~[fN THE NUCLEI 

CA?.D S 
TNf CHE~ICAL SYMB0LI c,,w f, 
THE NUCL[AA CHA~G[I 

!:I.II[' 7••• 
PP!~tir'L QUANTU~ ~UMPfR,Sue,1~AIIV Q~fNTU~ ~UMSER,4TOM,SIGN, 
~TCK,HRBJtlL lX~ONENT,COEfFIClfNT (!1,Al,ll,41,lt,il,)X, 
~1 :-:,&,?F~f\.S) 

Dl~E~SIO~ JP i l),SlNT(l),COST(\),ZNCl),Z~UC(!l,tLCOf~(N~J~t,NTl) 
r.TMfNSiCN w~(c~l,CTHET(Zn) 
~l~E~i!UN ~i{4P),LSCU~l,~SJaA),l[l&SC4A),CS(ij0 1 7J 
n!MlHSl~N •u1er ! ,LU(C~).~U(il~!,Zt!I U(U"),CU(G0,7) 
Dl~E~stnN N?(2rl,~~(2~),KP(2e,,ZFT,P(2nl,CP(Z0,S) 
D!Mf ~~J~~ ~A(? Pi,Ll(2 ~ l,~A(2A) 1 ZfTAl(2Vl,t4:20,S) 
~i~[~S!1N JSltrl,IS(Q~) 
Ol~[NSIOS JU(~Pl,JU(4~) 
CI~[~SIDN JD!2~),1P(2a) 
ci~tNS!D~ JA(ZP),JA(2a> 
b?~fNSJOS LTYP(4) 
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~01. SUI 
HOL ,.,, 
1'10~ 1652 
HO~ 1651 
P'OL us• 
flCI. U55 
P'OL as, 
lll'IL un 
1101. 1h51 
l<OL .,,,., 
MOL ,. .. 
l"OL uu 
1';:L lOZ 
HOL s .. , 
HOI. 111•• HOL an 
HO!. lf,111, 
HOL lh7 
.-oL ti.U 
"0L 11,U 
MCL 1"71 
P'OL 1"11 
11101- UTZ 
"ft' .... tl,7! 
'!CL uu 
MOL 1"7S 
MCL 11,11, 
MOL h77 
NOL 1h11 
HOL lt?t 
~OL tUI 
MOL 1"81 
"CL 11,&2 
110! ue:s 
MOL su• 
HOL 1!>8!i 
1101. 11>81, 
HOL U8T 
"'0~ sue 
MOL an 
!CCL lh'Je 
l<OL 
tlOL 1n2 
MOL au 
MOL 16111 
MOL lf>'J5 
lilOL !h'JI, 
l'ICL 11,q7 
HOL U,"8 
MOL \f,'JIIJ 
l<OL t711P 
"OL 17111 

l7Bl 
MOL, nn 
HOL 11H 
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0 RHO"CL. 

?2 OJHE~5TON ~'"'CL(2AI 
22 nJMEN!J~N ?"AS(2~) 

C 
C 
C 

~AT• ~,,3,1 01sq2is~5e,e1 
C~T• PI21:,5707Q~l~b7~QO/ 
DATA 
~,u tNn;nti•/ 
!:UTA :nL"l'/lH I 
,111 LTYPCl)/!HS/ 
n>tA LTYP(~)/!l'P/ 
DATA LTYP(l)/IHD/ 
OAT> ~TYPt~)/lH~/ 
OITA TWOPtlb,2~ll~~3~717•hl 

22 IF(J ~E AO,(j,~JGO TO t~, 
C 
C READ! ~ THE NUMBER OF ~UCLEJ 
C 

Zl RfA0C5,\1,) 
27 ~RIT!C~,378) 
3& R~•~c5,Al~)NNUC 
a7 ~RIT£(&,460)NNUC 

C 
C Rf AO IN THF N~CLE~R POStTtONS ANO CHARG[l 0 

~p. ~EA0(5,t5r)!Z~lS(~N,,KNsJ,NNUC) 
1~ R[\CC5,~5~11Z~UC(K~l,~~=1,NN~C) 

t j 2 "( :.~.._ 'i," • .-~.i !S:V~iO!.C I 1 •: cl r kNUC; 
!27 WRllF(~,S~3l 
15& ~~lT[(~,aBPlCSY~aDLCJl,I:1,NNU:) 
15l ~[&PC5,~5~l(7~(il,I•2,~NUC) 
171 ~IITE(b,UQe)!ZN(ll,lcZ,NNUCl 
2~1 zc~=r,n 
2?7 ZN(t)se~e 
l:'17 Z::l,P 
2P!1 AH.lS't:0~0 
?;l 00 JP Jcl,NNUC 
225 z=z•z~:r: 
?.?5 AMl5S:AMISS+Z~LSCJ) 
125 10 zr.~=,c~•ZMAS(I)•Z 
,33 7CM~!CM/AHlSS 
2 :H Z=A.11 
235 no zi, t•l,NNUC 
7115 7=!•lN(I) 

2~ ZNCl::7•ZC~ 
,51 WRJT[l~,3811) 

DO,~ J•t,NN~C 
2~5 ,A ~~JT[:6,,c~ll,ZN ( ll,Z~AS(l>,ZNUC(l) 

C 

PU!KE PZi!UR 

C RElD IN TNl NUM~fR DF SJGMA r,Pf ORnJT&LS, NUMijER o, 
C JIG"l TIP~ P•SIS F~~CTJOk~, NUk~tR "r F'I 1YP( ~R6IT4LS 
C a-i::, l'•r "l'".fl~'l Of" F'J Typf SlSIS r .;-.c lfONS, 

!•~ R~lP!~,~IA)NS!G,"~~JG,~PC, ~~0 1,NS!U,N~SIU,~0 U,N9PU 
334 ~RllEl~,S5f)~SJG,NBJl',N°t,NBP1,NS:U,N~SlJ,NPU,N8P~ 
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nn 
ITU 
17111 
uoe 
HH 
HU 
1111 
t7U 
I 713 
t7U 
1715 
1716 
1717 
1718 
171' 
1HI 
1721 
172l 
17ll 
17lli 
1725 
11211 
172T 
uze 
112• 
1138 
1n1 
1732 
113! 
17311 
t 735 
1TH 
17H 
1738 
1n• 
17011 
IHI 
17112 
170 
1744 
1145 
170, 
li117 
174& un 
1751 
1751 
lT52 
1T5J 
11,0 
1755 
17511 
175T 
1758 
n5• 
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3'>3 
l7Z 
,IZ/ 
• 111 

11,;3 
4t,3 
111.1 
1173 
(;~5 
Sil~ 
5"7 

5511 
Si,:! 
b11 
1>22 
623 
bi!/, 
t,~! 
o5i.! 

7P,7 
717 
723 
iV 
731 
70\ 
7113 

tt.11'1 
Ii'! II 
1051 
ll"r;b 
I l'"io 
11'Eo~ 
1Cb3 
I lll0 
~: A:J 

111111 
11'>11 
! !bi' 
llt,<1 
111-1, 
llH 
1?fl0 

1251 
1110 
Ill.? 
1112 

RUl\l•t01 

C 

0 AHOMCL 11>/011/H za, 11,n PUK[ltllUII 

r 
C 

Af4D t~ T~f J•T~ SAS!S FUNCTION 

t<l!tTF.(t:,513) 
~AlT[lb,57?.IClO,tO•t,NS!G) 
,,O Hl Ysl,>li!SZC 
A[iDC5,IIZl'll\lS(ll,L~YPE,~S(f),ISlCS,JSCJJ,ZET4$(1),CCS(l,J),Jcl,~ll 

IG) 
!F(lSIGS,fn,tPLUS)?S(t)•t 
:~11s:~s.r;,il\lfG)IS(tl••t 

c>O ll(' (.T:q,a 
113 IFCLTv~r.r~.LTY~(LT))LS(J>•LT•t 

r~rtSIG~.f:.JRl ~(~,c T~ 50 
~AJlt(b,lll~) ~S(l),LTYPt,KS(t),:s1r,s,NS(l), LTYPE,JSCl,,Z[TAS(I), 

I CCS(l,J),J~1,NSlG) 
GO TO t,P. 

SA ~RlTE(b,5&0)~SCl),LTYPE,~S(7),ZfTASCI),CC3Ct,J) 1 Jat,NSlG) 
t,~ CONTIWE 

IF(NRSlU,fG,a)GO ro 100 
W'!lTFCo,'i2<ll 
~Alit(b,570)CtO,t0:1,NS1U) 
Ml 'le l=l,"'!i!ll! 
QEAOCS,U2~)NU(!),LTYPE,KSCI),ISI~S,JSC1),ZETA~(!),CCU(l,J),Jal,N3I 

1U) 
zcrJS!GS,EG,!~L~S:lU(l)•l 
jF(lS;GS,EQ,JNEG)IU(l)••l 
JFCl5If.S,(Q,1RLN~)JU(!):0 
;rn i:! LT:l,11 

iA lFCLTY?t,f.D, LTV~(LT))l~(l)aLT•l 
lF(lSl~S.r.9,IfLNK)G(' TO ee 
~PJTf!b,43 Pl~UCll,~TYPE,KUCl),lStCS,NS(I),LTYPE,JU(ll,ZETAUCI), 

I CCU(I,Jl,J•t,NSIU) 
GO TC' Ill' 

~I'! 
~0 CONTJNU[ 

101'1 CONTJP.:Uf 
IFINPO,ED,0)GO TO 14~ 
~QIT!." (b,530) 
~R!IECh,57A)(l0,?0~t,NPO) 
PO 151' Jzt 1 NRPJ 
RE~O<S,42AJN~CI),LTfPE,K~(t),lSI~S,JPCI),ZCTAP(I),CCP(I,Jl,J•l,NP0 

I) 

JFCIS!GS,fQ,J~EGllPCll•;l 
JFCJSIGS,E~,JBLN~)lP(ll•PI 
!lC 1111 LTl:1,il 

II~ 1r(LTYP[,fC,lTYP(~T))LP(l)cLT•1 
JF(!5JGS,fC,JBLN,)GO TO 120 
~~lT~(h,43~)NP(l),LTVP[,KP(Il,ISJGS,NP(l),LfYPE,JP(J) 1 ZlTAP(!), 

! (CP(1 1 J),~~t,NP(') 
12A ~RJTf (o,So~;Nr(lJ,LTYP(,~P(l),ZFTAP(l),(CP(t,J),J•l,NP(I, 
131' CONTI I\IUE 
llli! CONTI~Uf 

lF(~BPU~EQ,e),o TO tee 

,A:0[ N~• ) 

M(IL 
1101. 
~Ot. 
Mf/L 
MOL 
!'10!.. 
MCL 
MCL 
MOL 
M:'IL_ 
MOL 
"OL 
MCL 
t'CL 
roL 
M~L,. 
MOL 
M~L,. 
:>40L 
MOL 
MOL 
MOL 
,-DL 
MOl 
H!'L 
HOl 
l'OL · 
"'0L 
l'Qi,. 
MOL 
HQ1, 
HOL 
f,'OL 
HOI, 
HO!. 
'10:.. 
M(IL 
HOL 
MtJL 
M!iL 
MOi, 
HOL 
l'OL 
HOL 
MOL 
H~L 
1-10~ 
HOL 
MOL 
HCL 
HOL 
HOL 
Ht'L 
l'!OL 
'10L 
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nu 
H•t ,,u 
nu 
111,a 
P6S 
Hitt 
t7•7 
thl 
11"' 1110 
1711 
l 772 
177J 
1i7C 
l 775 
11h 
1711 
1778 
S 779 
17H 
17U 
ue2 
178J 
17U 
17!1S 
17~• un 
17!9 
1759 
17'91 
11'1 
17112 
l 7113 
179' 
111'5 
17110 
1797 
17'6 
11119 
1eee 
teV.t 
: &1!2 
H03 
seu 
181!'5 
188' 
ten 
HIie 
1909 
1eie 
Ult 
1812 
seu 
U}I 
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!'SI II 
u :1 
IHO 
I l1' t 

H:itC 
I~ 1111 
1111 
1112 1'.' 
I llc2 
l 11:Sr. 
111:s, 

:sv.1 
15"5 ,, .. a 
15117 
I 'iQ7 
15!• I 
1551 
15511 
1551! 
1550 
155~ 
!5cl 
151>~ 
1 '57U 
lt>l'o 
11>10 

tot I 
11>12 

an 
t •, 1 II 
11,11, 
lhZ~ 

lt>'H" 
)l,'5 1'< 
1!>52 

AU'"•lll7 0 PMOHOL 76/04/llq ill.tl,I) P all1Cf:I< Z2U~ 

(. 
C 
C 

r 
C 
C 

C 
C 
C 

t-ll ITU II• 5tV.) 
~~Jf[(~,57P.)(I0,10»1,NPU) 
no 173 rct, N;tr>p 

1) 

Ifcl• ! ~S,E Q,I u,c1JA(Jl••1 
1r:1 1 rG~,E1.l BL~IC)fA(l)~8 
00 l~l lT•t,ll 

IS ~ Jf/LlfP f ,E 7,LTYP(LT)JLACI)»L••I 
IFCI~rr. s ,ro,1;,L~~,r,o TO 11tP 
~PITFC6,Ul~i~•CJ),~?YPE,KA(l),IS!GS,NA(ll,LT¥Pf,JP(l),ZfTAP(l), 

I 
GO T/1 p;,, 

16r ~QITf!6,5b~)~l(l),LTYPE,Kl(l>,ZE1£A(1),(CA11,J),Jal,W~U) 
171 C:ONT l ,Wf. 
1811 CON11WE 
1qr, 0~ JT~at,NTI 

STrllTl:SJNT(JTM) 
CT HfTA~C03TCJT~) 
~O l,P ?1<~~1,N~JNT 
Pta:tll(Tl<II) 
f('1Qt•STrlfTA 
ZO•R ! •CT MET A 
on NN:t,NNUt 
QR(N~)~S PDTIABS(YO•YO+(l~•Z~(~N))•(ZO•ZN(NN)J)) 
C'"f•(~N); ( ZO•ZN(NN))/~A(NN) 

200 co-.1 HILi£ 
i:t<C=r~ 

SUM OVEI. Tit£ SIGMA Clk1'ITALS 

OC n0 
ORil!•l!.A 

SU~ rove~ TMt SI~Joll 64S:s FUNtTlCNS 

00 ZZP 1=1,NESJG 
IF(IS(TJ.E~.0,co TO 218 
l<J~JS! T) 
OA~= t ~n.REP(NSCil,LSCJ),e,?ETASCI),RR(~J >,CT~Ef(~J >>•CS(J,J)• 

IFL'.lA~CIHill 
i.'IP CCNfJNU( 

I\J:l(S(l) 
220 OA~~ D~6•RtP(N3CZ1,L3cI>,e,Z£7tS(J),RR(rI >,CTHfT(~I J)•tS(I,J) 

s,u1qf TH[ o~elTALS ANO ~ULTJPL¥ ~, TME OCCUPATION HUMSEA 

l7PQ 23r 
1712 Jf( NS !U,to.e) .. " TO 271 
1713 DC 2~0 J• l ,hSlU 
17JQ 011qar,11 
1715 en l~0 1»1,•es1~ 
!7lb lf(l ~(Jl,EQ 0 0)5O TD 20C 
J720 KJsJU(I) 

174 

rAll[ N0 1 • 

110~ 18S'J 
MOL 181' 
"401. 181? 
MOL 1818 
MOL 1111• 
l'Ol 11121 
MOL 1821 
IIOL U2i!' 
~01. 1112:S 
"'0L 18211 
P'OL l8Z5 
IIOL 182• 
MOL ,n, 
MOL UZI' 
fl!OL uz• 
M~l. 181' 
"'":. 1831 
MO!. un 
i'ICIL 183) 
~oi. 111\11 
1'101. 183' 
MOL 1n• 
MOL 1837 
"0L 18)8 
P':;L 1819 
'40L 18111! 
.. 01. uat 
~OL 15112 
I'~!. t84J 
MOL 18111 
M;:J!. 18115 
MO~ !Uf> 
HOL 1847 
MCJL 1808 
MOI. 18119 
l'!OL 11151 
fl!OL 1851 
1401,. 1852 
MOL 185) 
HOL 18511 
MCL 1855 
MOL 1856 
HOL sn, 
MOL 1858 
M(!I, 11159 
1101. 11161 
MOi. 1HI 
MOi.. lh2 
1'10~ lllU 
MOL 181>11 
MOL 11165 
l':l!. 1116b 
l':OL J8t,7 
MOL 18611 
MOI. 186' 



www.manaraa.com

17-.a 
,15~ 
li5& 
2C'I V. 
2015 

21'!I!; 
20\ i 
?.U'0 

21121 
2V<22 
2112~ 
2~2t> 

c'i 12 
.?1 11 
ll21 
2122 
21?1 
21?1! 
i!l?.b 
i':31! 

211>"' 
2ti,0 
?lb2 
221c 
Uc! 
222 1 
22:52 

C 

0 Palll<ERUUR 

),CT~El(l(J )l•CU(I,J>• 
!rLOAT(fS(t)) 

7a ,• tOIHJNuE 
KJ,,IC '.) (!) 

?~- OPl!c~~R+PtP(~UCll,LUCl),0,ZETAUCt),RR(ICI ),CTHET(K1 ))•CU(l,J) 
2bC' RHOc~MO+C~9~0~6•i,e . 
27r- COllltNUE 

C OV£P THE Fl OP91TALI 
C 

C 

IF ("FO.EQ.\l)GO re JU 
(JO 3:"l'I Js!,NPO 
C,P'l•l~P 

C sv~ OVER TME Pl BASIS FUNCTI~NI 
C 

00 i?•lll I ,r I, Nl!P t 
tFCIP(J),f.Q.0)CO TO 281 
l(J:,IP ( I) 
OP~:DRB•~fP(~P(l ! ,LPCll,1,ZlTAP(i),RR(KJ ),CTHfT(KJ ))•CP(l,J)• 

!FLOAT( JP( I~) 
280 CCNT l "IIJE 

KJ:KP(r) 
29~ )~CrHET(KI ))•CP(l,J) 

C 
C S?UlRF THE OR~JTALS AND MULTIPLY BY THE OCCUPATION NU~8!~ 
:: 

C 
t 

30~ RHO:~HO+D~B•ORS•4 1 1 
ll<! lF('IPu .Et;,1))(-0 TO ]50 

DO lGI! Ja1,ll!PU 
OolBi:A.111 
OCi H0 I=l,NBPU 
IF(IA(J),E1,0)r,O TO 3Z3 
KJ:JA( Jl 
OPE:OR~+R[P(NA(Il,LA(I>,t,ZfT4lCt),P.R(KJ l,CT~ET(KJ ))•CACI,Jl• 

!FLOAT( lACl)) 
321'1 CONTINUE 

l<J~KA(l) 
JJ~ OllHcOQP+llfPl~A(l),LA(l),!,ZETAA(t),A~(Kl l,CTHET(l<J >>•CA(l,J) 
J4~ RNO:~wn+0~8•0RR•~.0 
150 CONTINUE 
lh~ E~COE~(IKP,JTHl•R'iO/fWOPI 

IH.iUqN 

370 FORHAT(00H 
I 110H 

le~ FOR~tffl"r.,1(,aMATOM,5~,l?MZ•CO~RO!NAT[.5l,IJHATOMtt ~!lCHT, 
l'5X, IQ'il"!JCL[All ("HAl?CE) 

J~, ro~~,rc1" ,2x,tz,,i,lFt•.•> 
arP FOP'1AT(l~~,7lkTH[ NU~BER OF NUCLll ,3X,l5) 
1111> FQ:l'11rc111~, 
U?~ FO~~IT(l1 1 ll,11,Al,?X,!l,JX,Fl0~••7fl0 1 5) 
Gl~ FOR~AT(lk ,11,Al,ll,&l,Il,Al,11,JX,tfl0 1 5) 
4110 FORHAT(IH ,GI~) 

175 

1179 
1111 
1112 
un 
"" 1875 
187' 
1877 
1811 
1879 
1888 
1811 
1ee2 
lllBJ 
1981 
lHS 
1881 
IH7 
1889 -
1869 18•• 
18'1 
1e,2 
tHJ uu 
U9S 

IHY 
11!99 
in• 
l9H 
1901 
l90Z 
l90i 
19111 
1995 
l9P• 
1907 
1918 
1919 
l 9lllJ 
l'lll 
l'fl2 
l9lJ 
1911 
1915 
1•1• 
1911 
1911 

"" l9i!I 
l'Jll 
1922 
IIJi!J 
1921 
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0 

050 fCRHATC4'1~.~l 
D&~ rnR .. Ar(tH ,4•10,S) 
"7P fCl1MAl(2PLii!) 
.,~ fORMl1(\H ,q(~x,,z,~•>> 
aq~ rc?~!T(!~ ,7r,~r,H•,IX,F!P.,5,Zl)) 
~P.a FOR~lT(!M~,e~~,Owt~PY) 
510 fO~wll!l~~,IL~S!GMA SYHHETRY 0 /) 

s2r fOIIMAT(t~ i ,25H5JG~I Ullf;[PA,t S~HHETAV ,,, 
5J~ f~N"'Al(J H~ ,l;hPI ~Y>'~!TP• ,I) 
sa~ rCRH4:(tH1i?~HDJ U~GtPACf EYHH[TA• .,, 
'55~ fCRMAf!l,2'>H IHl"'R[ll :'lF S!G"l C.lRJUl.11,tS, 

l/~5W NUl'P.fll r,r ~:SIS fUNCTIO•;s fOR SlG!i.i Jl1SITJi.S,IS, 
? .,;~;,,; N!J""fl< rir !>I OilBITALr .. 15, 
l ;~z .. •Jlft'QFII O• IIAS!S ru•1t:TJONS FOIi P! ORtitTAI.S,15, 
4 /JC~ NUNS[? OF ,I~NA UNG f RAOE ~RB:TAL~,!5, 

PUU<ERZZl,tl! 

'j/50,- '< iJ "';; ~ ~ nr !Hsrs n,, ·01:>NS FOR SIC~A 1:t1t;£U.DE 01!9l?ALS, 15, 
!I ll!H 1;•; H:,Efl !I~ ?1 U~1GEl<ADE CRolHLS, :~,, 
t l51~ NUHttEP CF ~•~ts F~~CrlONS FOij PJ UhGE~tCE ORBJTlLSt?5J 

Sb0 FOPHAr(tH ,ll,tt,I1,1x,1sr10.~, 
570 FO~"•T(~H NL~,o~,ij~fl?C~E~T,I8,~111) 

22n mo 

176 

PlGE NCi~ 

~OL IUS 
"0L 19lC, 
l'!OL l •l'I 
"C•L l~lll 
MOL 19l41 
ML i•n 
"01. U3t 
1<01, s•n 
""L ••n MOL 1'1311 
"-OL 1q35 
l'!OL 11J36 
IIOL t9!17 
"OL 1938 
1"01. l ttl-, 
IIOL 14141 
MCL 1•111 
"t'I. s•.:iz 
1'0~ l9•J 
HC1L lU4 
MCI. J94'!i 
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Sample output using LMOLMO. This sample run calculates the 
electron gas potential between two HF molecules. 
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HYDROGEN FLUORIDE 

28 81'S1S FUNCTIONS,Z•COOROINIITE = •.08729,NIJCLU~ CttAHGE = 9.0 · 

N L ZETA COEFF 
3 0 11.20007 •. · 
3 0 9.87840 .1158758E+04 
4 . o 17.8&9\4 .4023174E+04 
l 0 5.b851.il.i -.4870859E+02 
l 2 5.b8544 •.9741719E+02 
3 0 8.55b8b ~.522120bf+02 
3 2 8.55b8b •.101.i4240E.+Ol 
l 0 15.8871.i8 .283Hl.ilE+03 
l 0 22.05320 .lb80531E+03 
3 0 5.19091.1 .2Q51414E+02 
3 0 b.Sl2bb •.4b0653bE+01 
3 0 2.81'102 .tlb1248E+OO 
3 2 2.81402 .23221.i95E+OO 
3 0 3.7802b .3b00381lf+01 
3 2 3.7802b .72007b9f+01 
3 0 4.74b50 -.1784759[+02 
3 2 4.74b50 -.35b9519E+02 
3 0 b.t>51b8 .7b49703E+02 
3 2 b.b51b8 .15zqq41E+o3 
3 0 2.71&72 .2278555!:+00 
3 2 2.71&72 •.227A55bE+OO 
3 0 3.&8748 0 88ll3553f.+01 
3 2 3.b871.i8 -.8843553E+Ol 
3 0 4.&5824 -.4l13930E+02 
3 2 4.b5824 •"113<?30E+02 
2 1 4.30790 •.5530379E.+02 
2 1 5.b2956 .741b2b7E+02 
3 1 3.341bb •.100~724E+01 

9 BASIS FUNCTIONS,Z•COORDINATE: l 0 b4551,NUCLEAR t~ARGE = 1 • 0 

N L ZETA COEFF 
1 0 2.74538 
2 0 3.83317 0 4533139E+OO 
3 0 1.00000 .2125173[-01 
3 2 3.00000 -.2125173E•01 
3 0 3. 5712 2 ·• 8331737E-O 1 
3 2 3.57122 .8331737E•Ol 
2 l 4. 29531 
2 1 s. 38 31 0 • 10 llt, 35 SE +O l 
3 1 5.38409 • 53 79 89 OE +O 0 

b SA SIS FUNCTIONS, Z•COORDI NA TE : -0.00000,NUCLEAF. CHARGE = o.o 
N L ZETA COEFF 
2 1 3.711594 .1357075E+02 
2 1 2.77970 • b53577 7E +0 0 
2 1 5.&5112 •. 50 Sb 75 OE +0 1 
2 0 4.b2902 .139790oE+03 
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2 
2 

0 
0 

3.30734 -.72933~2E+01 
5.71b81 •olb52b21E+03 

b eASIS fUNCTIONS,Z•COOROINATE: 

N 
3 
3 
3 
3 
3 
3 

L 
0 
0 
2 
0 
2 
0 

ZETA 
1.00000 
1.00000 
1.00000 
4.00000 
4.00000 
4.00000 

COEFF 
0 bOLl/:1218E+Ol 
.21U3273E+01 
.U28b51JbE+01 

-.7Sl911811E•01 
•.1503Sq7E+OO 

.85b2901E+OO 

MOMENTS IN ATOMIC UNITS 

1.oaooo,NUCLEAR CHARGE= o.o 

MONOPOLE DIPOLE QUADRUPOLE OCTAPOLE ~EXAOECJPOLE 

• 0 7569298E•02 .7547b43E+OO .t73512SE+01 .2583110E+OI .aq2b913Et01 

179 
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HYDROGEN FLUORIDE HYDROGEN FLUORIDE POTENTIAL 
OATE 05037& 
TIME 

THIS POTENTIAL SURFACE CALCULATION IS FOR IDENTICAL MOLECULES 

THE POTENTIAL SURFACE WILL BE CALCULATED AT b RADIAL DISTA~CES 

s.00000 
3.00000 

1.00000 b.00000 s.00000 u.00000 

THE POTENTIAL SURFACE WILL AE CALCULATED AT 1 PHIi ANGLES. 
THE COSINES OF THE PHll ANGLES ARE 

1.00000 

THE POTENTIAL SURFACE WILL BE CALCULATED AT 2 ThETA1 ANGLES. 
THE COSINES OF THE THETA1 ANGLES ARE 

1.00000 0.00000 

THE POTENTIAL SURFACE WILL BE CALCULATED AT 2 THETA2 A~GLES. 
THE COSINES OF THE THETA2 ANGLES ARE 

1.00000 0.00000 

180 
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HYDROGEN FLUORIDE HYDROGEN FLUORIDE POTENTIAL 
DA Tf. 05037b 
TIME 

THE % RADIAL INTE~POLATlON POINTS A~E 

1.68172 2.00000 2.11828 2.23b5b 2.351164 
2.117312 2.591110 2.70908 2.8279b 2.911t,21J 
3.,0b1J52 3.18280 3.30108 3.IJ1935 3.537b3 
3.65591 3.77019 3.892117 4.01075 U.12903 
4.21J731 4.3b559 4 0 11f\3fl7 4.b0215 11.7201'3 
ll.83£171 ll.95b99 5.07527 S.1?355 5.31183 
5.113011 5.511839 S.H-bb1 5.781195 5.90323 
b.02151 b.1397A 6.2580b b.37b34 b.Ll9tlb2 
6.61290 6.73118 6.849Llb 6.9n77~ 7.08002 
7.20430 7.32258 7.4408b 7.559.14 7 .b711J2 
7.79570 7.91398 8.0322b 8.1~05/J 8.26682 
8.38710 8.5053R 8.b23b6 8.7ll194 fl.flb022 
8.978119 9.0%77 9.21505 9.33333 9.tJS\'-1 
9.56989 9.b8817 9.80f,115 9.921173 10.04301 

10.16129 10.27957 10.397-'35 10.51613 10.1,34/Jl 
10.75269 10.87097 10.9£1925 11.10753 11.?.25111 
11.3111109 11.1Jb237 11.5fl065 11.69892 11.617?0 
11 • 935118 12.05376 12.1720/J 12.29032 12.tJ08bO 
12.52688 12.6451b 12.7b311/J 12.88172 13.00000 
13.11828 

THE COSINES OF THE 9b THETA INTERPOLATION POII-ITS ARE 

-1.00000 -.97e95 -.95789 -.93681J -. Q1 t,79 
-.89/J74 -.87368 •.852b3 -.8315!\ -.iil053 
-.7891J7 -. 7b8112 -.7u737 -.72632 -.705?b 
-.68421 -.b631b -.611211 -.6?105 -.b0Ci00 
-.57895 -.55789 -.536611 •.5157CI -.IJ9471J 
-.47368 -.1152b3 -.43158 -.41053 -.389u7 
•• 3b842 •. 34 73 7 •• 32b32 -.30C,2t, -.2f.lJ2J 
-.2631b -. 24211 -.22105 -.20000 -.17695 
-.15789 -.136811 -.11579 -.091J7/J -. 073:H\ 
-.05263 -.03158 -.01053 .01053 .0315fl 

.05263 • 07368 • 0911711 .11':i79 .t3bf<I.I 

.15789 .17895 .20000 .22105 • 21121 1 
• 26 31 b .281121 • 3052& • 32&3 2 • 31J 73 7 
• 3b81J2 • 389117 .41053 .£13151\ .IJ';2b3 
.473b8 • 4C/ 47 IJ .51579 • 53bf- IJ • c;c:, 7flQ 
.578'15 • bO 00 0 .62105 • blJ 21 1 .bf•31 b 
• 68 t121 • 70 ">26 • 72632 • 74 73 7 ·.7b~ll2 
• 78 9/J 7 • 81 05 3 • 83 15 l:l • 8':> 26 3 • 8'Z,3bA 
• 89 IJ7 4 • 91579 .9368/J • 95 78 9 • 97 8Q 5 

1. 00 00 0 
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THE RADIAL INTEGRATION wILL BE. SPLIT INTO 11 SECTIONS. 
THE SECTIONS AND THE NUMBER OF POINTS IN EACH StCTJQI',; ARE:. 

0.0000000 
3 

• 08 729 
9 

1.50000 
4 

l.b45S1 
2 

2.00000 
2 

2.50000 
2 

3.00000 
2 

3.50000 
2 

4.00000 
4 

5.ooooo 
4 

b.00000 
2 

6.40312 

THE 36 RADIAL INTEGRATlON POINTS 

.00984 .04365 .07745 

.36039 .56461 • 7Cl365 
1.38418 l.lJ7751 1.51010 
1.63541 1.72042 1.92509 
2.60566 2.89tl31J 3.10561:-
3.89434 4.06943 4.33001 
5.06943 5.33001 s. 66999 
6.31793 

THE 24 THE lA I NTEGRA Tl ON POI NT S 

-.99519 -.97473 
• 0 7ll012 -.64809 
-.19112 -. 06406 
.43379 • 5454 2 
• 88 642 .93827 

THE 24 PHI INTEGRATION POI NT S 

• 99 98 9 • 99 68 5 
• 6R 48 3 • a4 t10 5 

-. 82 51 0 -. 97 98 2 
-. 20 65 0 • 1 a 22 l 

• 93 70 1 • 98 12 b 

MOLECULE A HAS 10 ELECTRONS 

MO LE CU LE 8 H AS 1 0 EL EC TR ON S 

-.93227 
-.SIJ542 

.06406 
• 64 809 
• 97 47 3 

• 98 12 6 
• 1£1221 

-. 97 98 2 
0 04P.b5 
• 99 68 5 

TIME REQUIREMENT FUR THIS CALCULATION WAS 

.10971' • 203 I I 
1.0?.26€, 1.22bQ0 
1.Stit--02 1.5Q71J9 
2.10566 2.3QtJ34 
3.39tJ31J 3.&051:-6 
0.6h99Q IJ.930':,7 
5.cnos7 6.08519 

- • 8864 2 -. ~2C•00 
-.4337Q -.31':,0IJ 

.1cn12 • 31501J 
• 74 0 l 2 .6?000 
• q9 51 9 

• 93 70 1 • ~4 IJ3 3 
-. 20 1:-5 0 •• r,uM I 
-. f\2 51 O -. 511 ljQ 1 

• 68 IJ8 3 • P.IJ IJ3 3 
• 99 9~ 9 

39 .3P.567 5ECO1'DS. 

182 
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HYDROGEN FLUORl OE HYDl<OGEN FLUOR I OE POHNTI AL 
l)A T[ 050 37b 
TIME 

SE.LF: .11LIO'J01J5t.+OO SECONDS: ,13t\1Jh0':>E+OO 
R: .8000000E+01 ?Hll= 0. THETA!: o. Tl1ETA2: o. 

CORHELA TI ON: •.1815b2nE•OII COULOMt:\lC: -.1955372E•02 EXCHANGE.: •.2623t>l->2E:.•Oll KINtllC= , :B2A<l29E•OIJ 
GKSCF: •.1981b1J3E•02 GKRSCF: -.191Jf\319f•02 GK: - .19q979<1c-02 (;t<,H: •, l%blJ7SF•02 

SELF: .11110501J5E+OO SECONDS= .?.6<190t<H;+Ol 
R: ,BOOOOOOE+Ol PHIi: o. THETA I: o. THETA2: .15707%E+01 

CORRELATION: •.237725oE.•OII COULOMt31C= •• 7UIH75uE•03 fXCHA N[.f.; •,31Jll60R?.E•OIJ KINETIC= ,IJ673013<1E•04 
GKSCF: -.7£111829£•03 ..Gl<RSCF: •. n9c-9 OS3E,:O 3 GI'.: •• 7M9!:>5Uf•03 GKR: •• 720h779E.•03 

SELF: ,IJIIOSOLISE+OO SECONDS: ,2670?.0SE+Ol 
R: • aooooooi::+01 PHI I: o. TH[TA1: , 15707%E+Ol THETA?.: o . 

CORRELATION: •.1119356E.•OII COULOMtl IC: .2969':,51!::•03 E.>:CHM1GE: •,16017</Uf.•011 KINETIC: ,1771620t.•Oll 
GKSCF: .2783085E•03 GKRSCF: ,29/H,",33!:•03 GK: ,2n71\SOf•03 GKR: ,?~7~5Cli\t•03 

SELF: 0 1JIIOSOllSE+OO SECONDS= ,26l\b051E+01 
R= .l:IOOOOOOE.+01 PHll= 0. THU A 1: ,1570796E+01 THETA?.: ~1S70796E+Ol 

CORRELATION: •.11159551E•OII COULOMFIIC= .11271193E•O?. EXCHANGt.: •,2119317E•OIJ KINETIC: ,2l1Sll1Qbf:•011 
GKSCF: .11 O H21.1E•02 GI\RSCF: .1130E<112E.•02 GK= ,lOb932E!E.•02 G'<R= .1l16?11oE•02 

SELF= .111.10501.151:tOO · SECONDS: ,131.1080oEtOO 
R= .70COOOOE"+01 PHIi: 0. THfTAl: o. THETA?.: o. 

CO~RELATION= •.78167131E.•OI.I COULOMB IC= •,288170oE•02 E.XCliA'-GE.: -.131108~E.-03 KINETIC= .25336\91:-03 
GKSCF: • .292597tlE•02 GKRSCF= •,27!;QIIS3t.•02 GK= •.30011146E•02 GKR= •.2A37621E•02 

SELF: 0 411050ll5E.+OO SECONOS: ,2620062E+01 
I<= ,7000000E+01 PHU: 0. lHElAt: o. THETA2: ,157079bE+01 

CORRELATION: •.955698</E•OU COULOMl:lIC: •.13h9%21:•02 EXCHANGE: •,1651071JE•03 KINETIC: .3315921JE•03 
GKSCF: -.11113184E.•02 · t;KRSc~·= •, 120311771::-02 GK: -.15087Sll!:•02 GKR: -.12990117E.•02 

SELF= .IIIIOSOIISE+OO SEC:CHWS: ,2b19o7t't+01 
R: .7000000E+OI Pf111= o. THETA!= .1 s101•11,E. +o 1 THETA2: 0. 

CORRELATION: • 0 11f\q38110E•Oll COULOM81C: ,1138175oE•03 E.XCHANGf.: •• 7522733E•OI.I KINETIC= .12S6?«;7E-03 
GKSCF: .39302591:.-03 GKRSCF: .11885739f:.•03 Gtoi= .31111~875E•03 GKR; .uaoni;sE-03 

SEL.F: .1111oso1.1sE+oo SECONDS= ,?6b3308E.t01 
R: .7000000Et01 PHll= o. THETA I: ,157079bE+01 THETA2= .15707%E-t01 

CORRELATION: •.b019310E•OII COUL.OMBIC= • 1675973E•02 EXCHANGE: •,9531886E•OIJ KINETIC: .165123llE•03 
GKSCF: .1&2Ll711E•02 GKRSCF: .1745778E•02 GK: .t5bLl518E.•O?. GKR: 0 16R558LIE•02 

00 
vl 
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HYDROGEN FLUORIDE flYOROGEN FLUOR I DE PDlENTIAL 
DATE 0 50 37 b 
TI ME. 

SELF= 0 1140S045f.+OO SEC:ONDS: • 
R: 0 b00UOOOE+01 Pf1 I I= o. THETA!: o. l HEU 2: 0. 

CORRELATION: -.28t,9982E•03 COULOMB IC: •,IJS1.SS57F.•0?. OCHANGI-.: •,055791 OF.•03 KINETIC: .1 q1.11.10b'iF•ll2 
GKSCF= •.40582l9t:•Oc GK~SCF: •,3U':>2113l:.•O?. e;,.; = ·,•Ht1'i217E•ll~ · GK~= •,351221:11E•02 

SELF= ,t1UOS01JSE+OO SECONDS: ,255t>U07E+01 
R: ,oOOOOOOE.+01 PHIi= 0. lHETAt: 0. THETA2: .15707%E.+01 

CORRELATION: •,33273UIE•03 COULOMB IC: •,3031722E•02 l:.){CHAt,Gl = •,7f'.0711iOE•03 KINETIC: ,23570901::•0? 
GKSCF: •.2t1Ub959£•02 GKRSCF: •,11.1SS3SOE•02 GI>-: •,2779b93E·02 GK~: •. 17J\80/\~E-02 

SELF: ,4UOSOI.ISE+no SECONDS= ,255?.889E+01 
R: ,oOOOOOOE+Ol PHIi= o. THETA!= • ! 57079t>E+O\ THETA;!: 0. 

CORRELATION: •,l814891JE•03 COUI.OM~lC= ,olb1017E•03 EXCHANGE.: -.3!'>63781f•03 KINETIC= ,fl98eb7i.<E•03 
GKSCF: ,7057U70E•03 GKRSCF: ,1J':>P.391E.•02 GK: • 5 c 11 2 5 7 t, E • 0 3 GK~: , 97f,9020E•03 

SELF: .uaOS045E+OO SECONDS: .?.579051JE+01 
R: ,oOOOOOOt.+01 PIH 1= 0. THETA 1: .15707%E+O I THET.62= , 15707%E+01 

CORRELATION: •,21430b9E•03 COULOMB IC: • 2ss1.1n oi::-02 F:XCHANGE: •,t.132990bE•03 KINETIC= , 1119962E•02 
GKSCF: .2b91229E•02 GKRSCf: ,3241181E·02 GI\: ,247b922E•02 GKk: .302b87llF:•O? 

SELF= ,IIU050U':iE+OO SECONDS: ,1273U07E+OO 
R: ,SOOOOOOE.+01 PHIi= o. lHfTA1: 0. THE.TA2= o. 

CORRELATION: •.9737384E•03 COULOMIHC: •,8?.73797F.•02 EXCHAtiGf = •• 3310273E-02 KINETIC: ,\a97530E•O\ 
GKSCF= •.8132231E•03 GKRSCF: ,3391235E•02 GK: - .178o9b1E-02 GKI-I: ,21JJ 71J%F.•02 

SELF: .1.11.1oso11SE+OO St:CONl)S: ,2482100E+01 
R: .sooooooE.+01 1-'Hll= o. THETA!= o. THETA2: .15707%E+Ot 

CORRELATION: •,1079':>bhE•02 COULOMB IC: •.8537275E•02 EXCHANGE: •,3b80704E•O? KINETIC: , lb'i8237E•01 
GKSCF: •• 31 O':inOSl:.•03 GKRSCF= ,43blJ390E.•02 GK: -.l3t1012bE•O?. GKR: .328U/l2UE•02 

SELF= .1.11J050115E+OO SECONDS= .2483352E+01 
R: ,SOOOOOOE+01 PH I 1: 0. Tl1C:TA1: .1570796E.+01 THETA?.: o. 

CORRELATION: • 0 b197121E-03 COULOMBlC= ,2nb2o28E.•03 rXC11ANGE= -.172t->1b3E-O?. KINETIC: ,b519111.il:•02 
GKSCF: ,28bb772E•02 GKRSCF: ,505<1211JE•02 GK: .221J7060E•02 GKR: .uuJ9502E•02 

SELF: ,auosoust:+oo SECONDS: ,250bti9St.t01 
R: ,SOOOOOOE.+01 PHI!= o. THETA!= ,157079bE+01 THET 42: ,157079bE+01 

CORREL.AT ION: •,70b17b&E-03 COULOMB IC= ,3370b52E•02 EXCHANGE= •.199b\SIIE-02 KINETIC: ,7b2b93SE•02 
GKSCF= ,bllbb0b9E•02 GKRSCf: .90011.133t.•02 GK:: ,5759A92E-02 GKR: ,829525bE•02 .... 

00 
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HYDROGEN FLUORIDE HYDROGEN FLUORIDE PO TEN Tl AL 
l)A l E. o 50 37 n 
TIME 

SELF: 1 IHIOSOIISE.+OO SECONDS= .12113775E+OO 
R: ,llOOOOOOE+01 PHlt: o. THl:TAJ: o. THETA2: o. 

CORRELATION: •.3313797E•02 COULOHIHC: •.210725IH·•01 EXCHANGE: -.1687'129E.•01 KrNUIC= .1136705E+O() 
GKSCF: 0 51127969E-01 GKRSCF: .7571667£-()1 GK: 0 50%b09f. -01 Gi<R: ,72110iJBBE-01 

SELF= .llll050115E+OO SECONDS= • 2ll 1 ll3l1Llf.+O 1 
R: • aooooooE+o1 PH11: o • THETA!: 0. THETA2= .15707%E+01 

CORRELATION: •.31130521E•02 COllLOMHIC= -.31311211E-01 E.XCHANGE= -.17311.SSE.•01 ~l!'-lETIC: .11U9199E+OO 
GKSCF= 0 llll278115E•Ol GKRSCF: .b62t>b27E•01 GK: .ll0611793E•Ol GKR: .o2~3575E•OI 

SELF: 0 llll050115E+OO SECONDS: .21J0911116E+01 
R: .uooooooE+Ol PHIi= 0. THETA 1: .15707%E.+01 THETA2= o. 

CORRELATION: •,2093551E•02 COUL0"18lC= -.70119265E•02 ell CHANGE: •.flb~3907E•02 KJNF.:TIC: 0 118578<?9E•Ol 
GKSCF: ,2181t>18E•01 GKRSCF: .328115A2E•Ot GK: .197?.?b3E.•Ot GKR: • 3075227E.•O 1 

SELF: 0 QIIOSOQSE+OO SECONDS: .2Q27753E+Ol 
R: .uoOOOOOE+Cll PH11: o. THETA I= .15707%E+01 THETA2: .15707%E•01 

CORRELATION: •.2?.271l23E•02 COULOMB IC= •.2b571J%t:•02 EXCHANGE.: •.92907b8t.•O?. KINETIC= .S2322A1E•01 
GKSCF: .285741 lE.•01 GKRSCF: .tJ0371J5llE•OJ GI\: .2h34nb9E.~01 Gt<R: ,3B111712E•01 

SELF= ,llU05045E+OO -SECONDS: , 123320SE+OO 
R: ,3000000t:+Ol PH11: o. THE:.TAl= o. THETA2: 0. 

CORRELATION: •,9747b57E•02 COULOMRIC= .b294975E•01 EXCHA,..GE= -.73Q8273E•01 KINETIC= • 7371701E+OO 
GKSCF: .b333050E+OO GKRSC.F= .72b6371Et00 GK: .b235573E+OO GKR: 0 71b6dQSE+OO 

· SEL~·= .uuosousF.+oo SECONDS= .238b296E+Ol 
M: .3000000E+Ol PHIi= o. THF.TAt: o. THETA 2: .15707%Et01 

CORREL.AT ION: •.91371J032E•02 COULOMB IC: •.3562013E.•01 f.XCHA~GE.: •.72753f>IJf.•Ol KINETIC: . • 70933111E+OO 
GKSCF: · .soa~SQlE+OO GKRSCF= • M09b03t: +00 GK: .llQ8b80lE+OO G~><= .s<110803E+no 

SELF: 0 /JIIOSOIJSl:+OO SECONDS= .?a0023llE+Ol 
R: .3000000E+01 PHl1= o. THfTA\: , 15707%E+O 1 THETA 2: o. 

CORREL.AT ION: • 0 05b7649E•02 COULOMIHC= •• 87888t.7E.•O 1 EXCHANGE.: • 0 lllll1J088E•Ol KINETIC: .3118103/JE+OO 
GKSCF: .loo13~6t.+oo GK~SCF= .218773QE+OO GK: .15115712t.t00 GKM: ,21?.2Cl62E+OO 

SELF= _llQOSOIJSl:+00 SECONDS: .21104712E+Ol 
R: .3000000E+01 PH11: o. THfTAl: , 15707%E+01 THETA?.: .1570791:-E +O 1 

CORRELATION: •.b8171178E•02 COULOHIHC= •.8136530E•01 EXCHANGE: •.ll2QSOOH:•01 Kit-;ET IC= .35173231::+00 
GKSCF: .17110003E+OO GKRSCF: .2279170E+OO GI<: .tb71B281:.t00 Gl<R: .2210996E+OO 

TOTAL TIME REQUIRED: .8572b41E+02SECONDS. co 
u, 
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Sample output using SLAFIT. This sample run fits the elec-
tron density of a HF molecule to a linear combination of Slater type 
basis functions. Data is punched for use in LMOI.MO. 
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HYDROGEN FLUORIDE 
OAT£ 05037 b 
Tl ME 

POWER OF 
ZETA z XSQ R 

11.20007 -o -o 2 
9.87840 -o -o 2 

l7.8091LI -o -o 3 
5.68544 2 -o -o 
8.S5b8b 2 -0 -0 

15.88748 -o -o -o 
22.05320 -o -o -o 

5.19098 -o -o 2 
b.512bb -o -0 2 
2.811102 2 -0 -0 
3.7802b 2 -0 -0 
11.74650 2 -0 -0 
b.65lbl3 2 -o -o 
2.71672 -o l -o 
3.687118 -o l -o 
4.b5824 -o l -o 
11.30790 l -o -0 
5.b2958 l -o -o 
3.311100 l -o · 1 
2.74538 -o -o -o 
3.83317 -o -o l 
3.00000 -o l -o 
3.57122 -0 l -o 
4.29531 l -o -o 
5.36310 1 -0 -o 
5.38409 l -o 1 
3.7115911 l -o -o 
2. 77970 1 -o -o 
5.&5112 l -o -o 
a.&2902 -o -o 1 
3.307311 -0 -o 1 
5.71681 -o -o 1 
7. 00 00 0 -o -o 2 
7. 00 00 0 2 -o -o 
4.0(1000 2 -o -o 
a. oo oo o -o -o 2 
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A. Ow MCLEAN ANO M. YOSHIMINE PAGE 1, HYDROGEN FLUORIDE 

THE NUMBER OF NUCLll 2 

GEOMETRY 
F H 
• l • 

ATOM Z•COOROINATE ATOMIC wEIGHT NUCLOR CHAPGE 
1 -.087290789 18.9qsaooooo 9.000000000 
2 1.645509211 l.007825000 1.000000000 

NUMBER OF SIGMA ORBITALS 3 
NUMBER OF BASIS FU~CTIONS FOR SIGMA ORBITALS 18 
NU"18EH OF Pl ORRITALS 1 
NUMBER OF BASIS FU~CTIONS FOR PI ORBITALS 10 
NUMl:lER OF SIGMA UNGERAOE ORHITALS -o 
NUMBER OF BASIS FU~CTIONS FOR SIGMA U~GERADE OR6ITALS -o 
NUMBER OF Pl U~GEkAOE ORBITALS -o 
NUMBER OF BASIS FU~CTlONS FOR Pl UNGERADE ORblTALS -o 
SIGMA SYMMETRY 

NLK EXPONENT 1 2 3 
1s1 7.9437£10 .951850 •.2bb870 • 061 790 
1s1 14.109Llb0 .OS51360 .005030 -.001370 
2S1 I .931Jf>50 -.002690 .1Jt17?1',0 -.15LIS3Cl 
2S1 3.256330 .OOLILJlO .586310 -.1S5~Llfl 
3S1 9 0 925LIOO -.OLJ0860 -.025Llb0 .OOLIFlO 
2P1 1.LJ07010 -.OOOt,80 .03eqoo .2Q07b0 
2P 1 2.373250 -.000760 .051050 0 L10781-'.(\ 
2P1 Ll 0 2781J30 .0010LIO .018500 .20~310 
2P1 8.972510 .OOOIJ70 .001490 • 01 Oil :Hi 
301 1.835390 -.000300 .01l:'1no • 0 t. :.iJ l (1 

301 3.367%0 -.000080 .003870 .01 0 7/J(I 
lff 1 2.700100 -.0000£10 .006380 .011940 
152 1.372690 .003310 -.005170 .1;;791, 0 
1S2 2 0 ll604fl0 •• 00 t"OllO .Ol>Ll780 • 0513 70 
252 2.Ll6}u70 -. 000520 .042750 .04063 0 
2P2 2.n2t>20 -.ooooeo -.011080 -.01133 0 

, 3P2 2.000000 -.000870 -.01101.10 •.0001:\IJO 
302 2.000000 .000210 • 00bqQ0 .or.s120 
Pl SYMMETRY 

NLK EX PONE NT 1 
2P 1 1. 35 8360 .330010 
2P 1 2. 329120 • Liq 13 10 
2P 1 LI. 2b ta 50 • 25 52 60 
2P 1 9.297420 • 01 06 .50 
301 2. 13 38 00 • 02 58 20 
LIO 1 2.100000 -. 00 28 20 
LlF 1 2. 7Q 36 50 • 00 63 so 
2P 2 1. 77 05 60 • 02 LIQ 70 
3D 2 3. 32 Oll QO - -. 00 31 80 
3P 2 1. 50 00 00 • 00 52 70 
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HYDROGEN FLUORIDE 
l)A lE 0':,0 37 t, 
llME 

NRIS= 12 NRI= 100 
• 00 984 • 043b5 .07745 • 10%7 .19955 
.33958 • '19771 • b3 77 u • 7?7b2 • 77532 
.87705 1.03552 1.211J48 t.37295 1.117/Jt,8 

t.S1b40 1.57275 l.b2911 1,f>85Ub l.E2275 
lo9b005 2.0Sb3~ 2.25000 2,UIJ365 2.SSt-35 
2.75000 2.943b5 3.05b35 3.25000 3,U43b5 
3.55b35 3.75000 3,9t13h':, IJ,046</1 4.23077 
4.50000 U 0 7b923 Ll.95309 S,0Llb91 5 .23077 
5.50000 S.7&923 5.95309 b,011543 b,20156 
&.357b9 b.525?.8 b.bLl745 b,76%1 b.f1917S 
7.0l39ll 7.l3b11 7.25527 7,3804LI 7.':>02b0 
7.62476 7.74693 7.8b909 7.q912b 8.11342 
8.23559 8.35775 a.479q2 8.b0208 8.721l21J 
8 0 8tlbUl 8,%857 9.09074 9.21290 9.33507 
9 0 ll5723 9,57'HIO 9.70156 9.82372 9,91J'jP,9 

l0.0b805 10.19022 I0.3123e 10,43U55 10.55671 
10.67888 10.80104 10.92320 11,00537 11.ln753 
l1 .28970 11 .4118b 11.531103 11.b5b19 1l.7783f, 
11.90052 12.022b8 12.lt1485 12.2f>701 t 2. 3f-9 I 8 
12.51134 12.63351 12.755b7 12.877P,IJ 13. 000()0 

NTI= 40 
... 99624 -.99073 -. 97726 -.9':>792 -,q32e1 
-.90210 •.flb59o • 0 821Jo 1 -.77831 -.72732 
.... 6719b -.61255 -.549117 •,Ull308 ... 1.111711 
-. 31'199 -.2b815 -.19270 •.llbOo -.03fl77 

.03877 • 11608 • l 927 0 .2oe-1s .3u1qq 
, ll 1378 • U8 308 • 54 9117 • bl 2':> ':> .b71Qb 
• 72732 • 7H\31 0 82llb1 • 8o59e • 9!\21 0 
• q32a 1 • 95 79 2 .ci772b • 99073 • l?C/1!21J 

ST ANDA RD DEVIATION: • 8957 880E-O 1 

RELATIVE DEVI AT ION: .1b2222H-01 
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HYDROGEN FLUORIDE 
DATE 05037b 
TIME 

2 " 9.00000 1.00000 
-.08729 1.bU551 0.00000 1.011000 

N L ZETA COEFF 
3 -o 11.20007 -.1II08299E+04 
3 -o 9.87840 .11587581:.+04 
4 -o 17.8b91U .40231711Et011 
3 0 5.6851111 •.11870859E+02 
3 2 5.b8544 •• cn11171gE+02 
3 0 8.55b8b •.522120bE+02 
3 2 8.55686 -.101142111E+03 
1 -o 15.88748 .283391111:.+03 
1 -o 22.05320 .1680531£+03 
3 -o 5.19098 .245111111E+02 
3 -o b.512bb •.llb0b53bf.+01 
3 0 2.81402 .11b1248E+OO 
3 2 2.811102 .23221195£+00 
3 0 3.78026 .3600384E+OI 
3 2 3.7802b .72007o9E+01 
3 0 4.711650 • 0 178U759E.+02 
3 2 4.74650 -.3Sb9519Et02 
3 0 b.65168 0 7bLl9703E.+02 
3 2 b.b5168 .1529941E+03 
3 0 2.71672 .227ASSSE+OO 
3 2 2.71672 -.2278555E.t00 
3 0 3.687118 • 881.13553f +Cl 
3 2 3.687118 -.881135c;3E+01 
3 0 li 0 b582U -.U113930E+02 
3 2 4.65824 .u113g30F.+02 
2 1 "· 307'10 
2 1 5. 62958 .71J1b2b7E+02 
3 1 3.3U1b6 -.10087?LIE+01 
1 -o 2.71J538 .19003111\E+oo 
2 -o 3.83317 .11533139E+OO 
3 0 3.00000 • 21 25 1 7 3E -o 1 
3 2 3.00000 •• 2125173E-O 1 
3 0 3.51122 -.8331737E:•01 
3 2 3.57122 • 8331 73 7E •O 1 
2 1 U.29531 -.1"099739£+01 
2 1 s. Jij310 .10Llt>355E+Ol 
3 1 5. 381109 • 53 79 89 OE. +0 0 
2 1 3. 71J59U • 13 57 07 SE t O 2 
2 1 2.77970 • b':> 35 7771:. +O 0 
2 1 s. 6511 2 •. 50 Sb 75 OE. +0 1 
2 -o 4.b2902 • 13 97 90 bE +O 3 
2 -o 3. 30 73 4 -. "/293302E +O 1 
2 -o S. 71 bB 1 •• 1652 62 lE +0 3 
3 -o 7.00000 • 60 LIS 21 8E + 0 1 
3 0 1.00000 .21432731:.+01 
3 2 7. 00000 • 42flt.51JbE +O 1 
3 0 4.00000 ·• 75 !9 IJf\LIE •O l 
3 2 "· 00 00 0 -.1S03897Et00 
3 -o tl.00000 • 8'.:ib290 le +O 0 

$EJ 
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APPENDIX D 

INTERMOLECULAR POTENTIAL SURFACES FROM 
ELECTRON GAS METHODS. I. ANGLE AND 

DISTANCE DEPENDENCE OF THE 
He-CO2 AND Ar-CO2 

INTERACTIONS 

191 

(A reprint. See Gregory A. Parker, Richard L. Snow and Russell T Pack 
J. Chem. Phys. 64, 1668 (1976).) 
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Intermolecular potential surfaces from electron gas methods. 
I. Angle and distance dependence of the He-CO2 and Ar-CO2 
interactions* 

Gregory A. Parkert and Richard L Snow 
D,por<m<tnl of CJ,.,,.istry, BriJham Youni Uni .. nitJ, Prow,, Urah 84602 

Russell T Pack 
D,part,,.,,nt of Clumutry, Brigham Youni Uni .. rsity. Prow,, Urah 84602 • 
Md Group T-6, u,.;.,,,,,1,y of California Los Alamos Sciurtific LDboratory, lo• A1"mo1, N,w Mu/co 87545• 
(llecci•al 12 September 1975) 

Anl)c dependent intcnnolecular potential energy surfa.ca suitable for use in studies of rotationally incldic 
collisions of rigid linear col with Ar and He are calculated using the elec:tron 1as model 10 obtain the 
allort ran .. illtaactions and joinin1 them smoothly to the Jons range nn der Waab tails of the prcccdiac 
paper. Smooth analytic fita lO the potentials, convenient for use in scattering calculations. &ff given. The 
swfaca arc •cry strongly oon,pherical. Virial cocffici,nts calculatal using the o priori He-CO, potential 
L-e ill accllcnt ar--,,cnt with experiment. L-.d I simple adjustment of the Ar-CO, potentiAI gives 
a.cdlmt agrumcnt wi1b both virial coefficients and I potential infernd from high energy satterina Cal&. 

I. INTRODUCTION 

Until recently, little has been known about the angle 
dependence of the interaction energies of molecules 
with other atoms or molecules. Use of ab initio SCF 
and Cl methods to generate the whole potential energy 
surface is slow and expensive, so that results are 
available for very few systems, while analysis of ex-
peri..r:lents i;ivei< ir.formatior. mostly about the spherical 
average of the intcrm_olecular potential. However, re-
newed interest in calt.-ulating interaction energies be-
tween closed sheli systems has recently been generated 
by the successes oi a simple electron gas model devel-
oped by Gaydaenko and Nikulin1 and Gordon and Kirn. 1 

A modification to avoid overc:ounting of self-exchange 
energy has been suggested by Rae,• and ways to intro-
duce correct van der Waals long range behavior have 
been given by Cohen and Pack' and Kim and Gordon.$ 
The surprisingly good results ot the method for the in-
teractions of closed shell and ions,' collisicnal 
polari.zabilities, 1 three-body inte1·actions, • atom-sur-
face interactions, 10 and the spherical part of molecular 
interactions11 have led lo its bein~ prog-rar.,med for 
atom-molecule12 and molecule-molecule interactions. 10 

The atom-molecule program of Green and Gordon12 is 
available from QCPE and ouru molecule-:nolecule pro-
gram will also be sent there. The method has been 
used by others to determine the distance and anp:le de-
pendence of the Ar-N,, 14 Ar-HCl, 15 He-HCN. 16 

Be-CO, 11 and He-H,C011 interactions, and the disb.nce, 
angle, and vibrational coordinate depP.ndence cf the 
Ll•-H,11 interactions. We 19 have calculated the angle 
and distance dependence of the He-H,, He-CO, , Ar-
co,, noble gas-CO, Ar-NO, 2• noble i:as-HF, ,IF-
HF, u and CO-CO interactio,1s and the angle, ,ibration-
al coordinate, and distance dependence of !hf! Ar-CO 
and Ar-HF interactions. 

In this paper we repcrt the He-CO2 and Ar-CO2 sur-
faces. Most previous potentials for the~" ,iysletns h:i.ve 
been crude empirical forn1s which as.;umt.1 either spher-
ical or pairwiEe a.dd1tivP. !o"."res. Hnw':'v~r, ;1 mbti.nial 

basis set SCF calculation of the Ar-C01 surface, in-
cluding some vlbr;,tional coordir.ate dependence has re-
cently been done by Suzukawa, 21 and we compare our 
results with his. 

In Sec. II of this paper we briefly review the equa-
tions of the electron gas model :;,.nd our particular ver- · 
sion ?.nd computation:i.l method. !n Sec. m w~ give the 
results cf t.'1e calculations, fit the potentb.l s11:::ac.:es 
with a convenient analytic form· and attach pre,•iously 
determinedu,u van der Waals potentials to give smooth 
intermolecular potentials which behave properly at both 
large and small distances. Then, in the List section we 
make a comparison with available e:-q:erimem:i.l data, 
adjust the results to improve agreement, ar.d discuss 
tl,e accuracy and ust!fulness of the resulting potemial 
energy surfaces. 

II . METHOD OF CALCULATION 

We consider the interaction of a neutral closed ~hell 
Uneu moleculn A (in this cafe CO2 with the nuc!ei fi.'<:d 
in their equilibrium positirn,s) with a. neutral closed 
shell atom B (in this case He ~r Ar.I. For S-J~h a sys-
tem the interaction poter.lial in the electron gas U1odel 
using the coordinates of Fig. 1 is2

• 4 

and 

V(r,B)=E(r,9)-E(oo, a,,y 9), 

= v..,(r,6)+ Vcottlr,B), 

(1) 

(2) 

(3) 

where the various terms represent the electron gas 
f!stimates of the Hartree-Fock, correlation , Coulomb, 
Y.irietic, and i?Xc-ha.nge contributions to the intcracti0n 
energy. To calculate these, one approximates the 
charge density PAB of the cc.nbined system as1•2 

(4) 

Then, the Couiombic interaction is given simply (in 
atomic unitd by the electrostatic e:,cpression, 

1668 The Journal of Oie,-,,;ca; Phys;cs, Vol. 64, N,>. 4, 15 Fe:>tuary 1976 Copyr;gt,t" 1976 Anmiu<I Institute of Phys;c, 

192 



www.manaraa.com

Parker, Snow, and Pack: Intermolecular potential surfaces. I 1869 

8 

0 
no. l. Tbe coonllnates y and B for the Interaction of rigid 
linear COz with atom B (He or Ar). 

(5) 

where the sums il.l'e over the nuclei ,x in A, and/,.= Z,./ 
N,., where z. is the charge of nucleus a and N,. is the 
number of electrons in molecule A, 

(6) 

The other terms V1 (i=KIN, EXC, or COR) in Vare 
obtained using the energy density functionals of a uni-
form electron gas; that is, 

.__V1:,;'J dr[p,.,,<1(p0 )-pAE1(p,._)-Pi,t:1(Pi,)], (7) 

where 

<,m,(pl = ¼(3,l""i'' , 
~xc (p) = - ¾(3/ 1')1 IS P1" , 

and 

(8) 

(9) 

(c0 a(pl =- 0.03lllnr,-0. 048+ 0. 009 r.1nr.- 0. 01 r,, 

r,c o. 7 , (Ula) 

=-0.06156+0.018981nr., 0. 7<r,<10, (10b) 

= - 0. 438 r;' + 1. 325 r;'1" - 1. 47 ,·-:- - o. 4 r;511 , 

10, "· , (10c) 

with r,(4:rp/3)-1'*. Equations (10a) and (l0c) are the 
h\ghand low density expansions. respectively, of the 
electron gas correlation energy density , and (l0b) is an 
interpolation formula. 

In the present calculationr., for reasons discussed in 
detail elsewhere , • we used Rae 's3 correction to the ex-
change energy t.i avoid self-C"-change contributions. 
This changes Vzxc of Eq. (7) into 

Vuc(Rae) = C(ll') Vue , (11) 

where C(N) is the correction factor 

C(M. 1-so/3+ 201 -o'/3 , 
O ls the solution of 

(4M-' = 01(1-eo/8 .. o• /4) , 

(12) 

(13) 

and N is the total number of electrons in the system. 
c(M z o. 5454 for Ar-CO2 , and C(N) = 0. 4699 for He-
co.. In addition, Vcca is known to be quite inaccurate, 
and we thus feel free to scale it to match the long range 
van der Waals correlation energy as described in the 
next section and elsewhere.• 

Use of the above formulas and the available Hartree-
Fock wavefunctions of McLean and Yoshiminl!u for CO2 
and Clementi15 for Ar and He to construct PA and Pa re-
duces the determination of V to evaluation of the quad-
ratures, Eqs. (5) and (7). To do them, we note that B 
is a spherical atom and the Hartree-Fock atomic wave-
functionszs used are expressed in Slater orbitals, so 
that the electrostatic potential due to B can be evaluated 
analytically, 

(14) 

which reduces Eq. (5) to the three dimensional qu:uira-
ture, 

VccuL = Jdr1 pA(r,){4>a(r1)- r,a 

+ ~t.(!!-4>2(r,.>]} (15) 

Equations (7) and (15) are then evaluated by three-di-
mensional quadrature. In this connection, it is impor-
tant to note that although some of the terms in Eq. (15) 
are ccnstants and could be integrated over analytically . 
keeping them in the integrand increases cancellation of 
quadrature errors. It is also convenient to tabulate 4>8 
and Pa, which are spherically symmetric about B , at 
a large number of distances and then obtain them at 
eaeh point needed by low order Sterling interpolation. 
In programming the quadrature we used spherical polar 
coordinates centered on the center of mass of A (the 
carbon atom in this case). This is different from the 
QCPE program of Green and Gordon11 which uses pro-
late spheroidal coordinates. Our approach requires 
more integration points but saves on interpolation time 
as p,._ can be tabulated at each of the integration points 
once and for all and the complete potential energy sur-
iace V{r, 8) calculated at all rand 8 without further cal-
culation or interpolation of PA• In the present calcula-
tions Gauss-Legendre quadrature formulas were used 
typically with 32 points for the ¢ 1 integration, 40 points 
for the 81 integration, and two quadratures for the ra-
dial integratic,n: a 16-point quadrature extending from 
the C atom (at the origin) to the O atoms (at 2.1944 a0i 
and a 49-point quadrature e.'\iending from the O aloms 
to 13 llo· This suffieed to give all the terms except 
VcouL converged to within 1% everpmerc; it gave 
VcouL converged to about 1% at the smaller r values 
with the error increasing to about 10% at the largest 
(9. 5 ao) distances used. Since the total interaction is 
dominated by the van der Waals potential at the large 
distanc.es, we believe that the quadruture errors Ln the 
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- ST0-3G SCF 1 -EG J 
:i -. 

ported herein, we have found and reported elsewhereu, 
a much faster and more accurate way lo do this quad-
rature. 

111. RESULTS AND FITTING 
A. Results 

The results of the calculallons described in the pre-
vious section are given in Tables I and ll for the He-
CO, lntenction and Tables m and IV for the Ar-CO2 
interaction. Tables I and m ue the electron gas model 
estimates (including the Rae correction) of v ... , and 
Tables n and IV are the electron gas estimates of Vcoa• 
These tables are given so that the reader who does not 
wish to use the procedure which follows to fit V with 
analytic functions is free to use the results directly. 
Also, Vu ls plotted at two angles in Fig. 2 for com-
parison with the minimal basis set (ST0-3G) SCF cal-
culations of Suzuka.wa. 21 Considering the approxima-
tions involved in both methods, we consider the agree-
ment at small distances to be adequate , but at the larg-
er distances the present results should be the more ac-
curate ones. The SCF results die too rapidly at large 
r because minimal basis set orbitals are too small at 
large distances making the integrals involving exchange 
and overlap energies fall off much too rapidly. 

Kf' 3~_.....,.4 __ ..,5 ___ 6.,__ _ _J_7 __ ..J8L----...J9 B. Fitting of short range potential 

r(o0 ) 
nG. L Compar{!. '.ll'.I of lhe electron gas (omall polntsi and 
S'J'O-,SC SCF (luge points) .,stlmates of the Ha rtree-Fock ln-
teractton energy of Ar wttb COi at angle• 0 and .,;2 as a func-
ttoa o( dlatam:L 

The results of Tables I-IV were frrst expanded in 
Legendre polynomials at each r, 

l'1(r,8)= L v!(r)P.(cos8) , (16) ........ 
where only even n occur bec.iuse of the D •• i;ymmetry 

total intenction energy are lt,ss than 5% virtually 
everywhere, which is well within the accuracy limits 

of CO1• Since the angles at which the Ar-CO2 calcula-
tions were done were exactly those of a 15-point Gauss-
Legendre quadrature (the symmetry of COz makes the 
results independent of the sign of .r= cos9), the ~·! for 
that system were obtained directly from c;uadratare of 

v!= (n+½)f P.(.r)V1(r,r)dr. (17) 

of the electron gas model. The time required for tab-
ula.ting the charge density , electrostatic potential, etc. 
was typically about 45 seconds on a CDC 7600 computer, 
thereafter about 20 seconds was required for each point 
oo the potential energy surface V(r, 8). ' 

Subsequent to t!te completion of the calculations re-
However, the He-CO1 calculations were first done at 
the angles of a seven point Gauss-Legendre quadrature 

TABLE L Vu for the He-C(Ji Interaction a function of distance and angle. The angle• are In radiall.l; V and r a re In Hartrec 
atomic unlta. 

·-- 1.0000 o. 9491 o. 8500 o. 7415 o. 6 000 0,4.0&a O. 20UO o. oouo 

• 0.0000 o.3204 0. 5S48 o. 7355 o. 9273 1.1529 1. 3694 ' 1. 5708 

3.5 0. 1322£-+0l o. 7943£ • 00 0.3725E + OO 0, 1927E • 00 0 , 97S3E- 01 0 . 4'167E-01 0. 2875E-01 &.2410E-Ol 
4.0 0. 5111E+O<I 0, 3383E+OO 0, U90F.+ 00 O. 8K06E-OI O. 4362E-Ol 0. 2020[-01 O. ll46E-01 O. 9335E-02 
4.5 0.20UE+OO 0. 1386E + OO 0. 7124E-Ol o. 3753£-01 0.1838[-0l O. 814.GE-O! o. 4368£ - 02 O. 3462E - 02 
5.0 O. 7706E-01 0. 5437£-01 o. 2848E -01 0. 1526E-01 o. i364£-02 0.31J6E-~ 0 . 1502£-02 o. l225F. - 0: 
5.5 0.2860E-Ol 0 . 2053E-01 0. 1098£-01 0. 5907E-02 O. 2819E - 02 0 , 1153E-~ o, 5516£-03 0,4102E-03 
1,0 O. l028E-01 0. 7486E-02 0.4038E-02 0.2184E-02 0.1029£-02 0,4019E-03 0.1784£-03 &. 1266£-03 
1, 5 O. :ISOSE-02 0. 2637£-02 0, 1437E-02 o. 7794£-03 0,3S52E-03 0, 1300E-03 -- 0 , 5151£-04 0.3374£-04 
T.O O. l2\3E-02 0. 8921[-03 0, 4856E-03 0, 2565E-tl3 O. ll3'!E- 03 0 . 3719£-04 O. llGOE-0-li o. 6033 J::: - 05 
T.5 0.3885£-03 o. 2863£-03 0.1526E-03 o. 7857£-04 0,3193£-04 O. 80lfE-05 0.6293E-06 -0. 84741::-06 
1,0 o.n•7E-03 0.8'78E-04 o. 4365£-04 0 , 2055E-04 O. 6662 E -05 0.111!2E-05 -0.151 S£-OS -0.1759E-05 
·1.1 0 . 3100£-04 0. 2 159F.:-04 o. 9839£-05 0. 3441E-05 -0, 3102:;;-07 -0.1307E-.. - O, l37~E - 05 - o. 13:?ZE -05 
1.0 0,8038E-05 0.3'!08E-05 O. 728~E-06 -0. 6348t:-06 -0. 1J59T.-05 -0. tJOlE-OS -0. 8!'42E- Oi - 0 , 7980E - 06 
t.5 -0. 1055£-06 -0.57041:-06 - O. l009E -05 - 0, 1075~ .• 05 -O. t31 6 E-U6 -0, 67,;,if::-8' -O.-lSS\E- 06 -0. 4i :lfiOE-06 
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TABLE n. V coa for the He-C(li Interaction a• a function of distance and angle. Hartree atomic anita, ... _, 1,0000 O. Nll o. 8500 0,7415 0,6000 0.40S. o. 2000 0,0000 

,. ' 0,0000 0 .3204 o. 5548 0. 7355 o. 9273 1.1u, 1.3694 1. 5708 

3.5 - o. 1663£ - 01 -0.1290£ -01 -0. 667&£ - 02 -0.6092£-02 -0. 4171£ - 02 -0.28%3£-02 -0.2171£-02 -0.1989£-02 
4,,0 -0,1001£-01 -0. 8031£ - 02 -0, 5490£-02 -0.31411:-02 -O. Z59SE-02 -0, 1703£-02 -0,1274£-02 -0.1154£-02 
4.5 -0.5924£-02 - o. 4109£- 02 - o. 3329£ -02 -0. 23341:-02 -0.1582£-02 -o.1oozc-02 -o. 7320£- 03 -0.6561£-03 
5, 0 - •• 3406£ -02 -0.2716£-02 -0. 1160£-02 -0.1379£ - oz -0.9174£-03 -0.5775£-03 -0.4115£-03 - o. 3650£ - 03 
S.5 -0.1924£-02 -0.1513£-02 -0.1129£-02 - o. 7964£ - 03 -0, 5272£-03 -0,3255£-«1 - 0, 22G3£ - 03 -0.1984£-03 
1.0 - o. 1070£ - oz -0.8933£-03 - 0, G378£ - 03 -o. 4506£- 03 -0. Zl63£ - 03 -0,179K-03 -0,1207£-03 -o. 1043£ - 03 
1.5 -0.5883£-03 -0.4941£-03 - o. 3543£ - 03 - o. 2502£ - 03 -0.1127£-03 -0.95"5£-04 -O.Sl88E-"4 -0. 5232£-04 
7.0 -0.3116£-03 -0.2'187£-03 -0,1928£-03 -0.1352£- 03 -0. 8660£ -04 -o.ocm:-04 -o. 3037£- 04 - o. 2507£- 04 
7.5 -0,1193£-03 -o. 1425£-03 -0.1020£- 03 - o. 7084£ - 04 -o. 4437£-04 -0.2410£-M -0, 142tE-04 - 0. 1163£ -04 
1.0 -0. 66NE-04 -0. 7317£ - 04 - 0. 5185£ - 04 -0. 35411:-04 -0.21541:-04 -0.113K-04 -0.8735£-05 -0.5511£-05 
1.5 -0.4301£-04 -0,3590£-04 - o. 2506£ - 04 -0.1611£-04 -0. 1012£-04 -0.5401£-05 - o. 3227£ - 05 -0. 2640£-05 
1.0 -0.2<>19£-04 -0. 1171£-04 - o. 1151£ - 04 -o. 7827£-05 - o. 4711£- 05 -0.2517!:-05 -0.1556•: - 05 - o. 1272£ -05 
Is -0 9222£-05 -0 7686F.-05 o. 5416F. 05 -0 3708£-05 - O, 2299E - 05 -0 1255E-05 -0, 75:l!E- 06 0 1 6151E-06 

TABLE D1. Yu for the Ar-C(li Interaction u a function of dllitance and angle. The angles are ta radlana; V and r are In Hartree 
lltom\culta. 

0.9860 G. 9373 o. 6482 o. 7244 0.5710 o . 3942 o. 2012 0.0000 

O. lSSl 0.35'1 0.5512 0 . 7606 o. 9631 l.1657 1.3662 1.5708 

3.0 0.1951E+02 0.8566£+01 0.341JE+Ol 0.1622£+01 0, 9152E+OO 0.5948E+N 0.4511£+00 0. 4103E+00 
4.0 0 . !090£+01 0.1422£+01 o. 8333£+00 o. 4603£+00 0.2519£+00 0, 1463E+eo o. 9910£-01 o. 6590£-01 
5.0 0,4197£+00 0.3124£+00 0.1949£+00 0.1075£+00 0.5621£-01 ' 0.3013£-U 0.1863£-01 0.1544£-01 
1. 0 O. lkKOE-01 0 . 6075£-01 0.38117£-01 0,2073£-01 0.1044£-01 0 . 5237E-f4 0. 2971£-02 o. 2349£-02 
7.0 0.1330£-01 0.1008£-01 0.6310£-02 o.:370£- 02 0, 16:?lE-02 Q.7500£-113 0,3799E-C3 0. 2801£-03 
1.0 0. 1859£-02 0.1404£-02 0.8598£-03 0,"364£-03 0,1890£-03 O. 'il:S7E-o-1 0.2409£- 0-l o. 1166£-04 
9,0 0.3151£-04 0,4026 £ -05 -0. 2334£-04 -0.3H2E-04 -0. 3253£-04 · -0, 1529£-04 -o. 1647£- 04 -0. 1618£-04 

TABLE IV. V COi\ Cor the Ar-<:O, toteractton as a function or di stance and angle. Hartree atomic units. 

z•co•• 0.9660 o . 9373 O.IS-U2 o. 7244 0.5710 0.390 0.2012 o. 0000 

r ' 0. 1551 0. 3561 0.5582 o. 7606 o. 9631 l. li57 1. 3&62 1 . 5708 

3.0 -0. 7168£-01 -0.5866£-01 -0. 4395£-01 -0. 3199£-01 -0. 2381£-01 -0. 186,1£-61 -0.1580£- t}l -0. J«l90E-01 
4.0 -0.3271£-01 -0.2715£-01 -0.2043£-01 - 0.1462£ -01 -0.1040E-01 -o. 7710£-02 -0.62521£-02 -0. 57!,4F.-02 
5.0 -0.1296£-01 -0, 1093£-01 -o. 8287£-02 -0. 5881E-02 -0. 4088£-02 - o. 2929£ -02 -0.2299F. -02 -0. 2101£-02 
6. 0 -0.4735£-02 -0. 4028E-Ol -0.3079£-02 -o. 2186£-02 -D. 1501£-02 -0.1048£-02 -t) . 79~ 1 E - 03 -o. 7204£-0.1 
7.0 -O.H539E-02 -0.1405£-02 -o. 1082£-02 -o. 7683£-03 -0. 5205£-03 -0.3535£-03 -~.2603£-03 -0.230SE-O.:: 
a.o -0. 5429£-03 -9.4670£-03 -0. :602£-03 -o. 2539£-03 -o. 1683 £ -03 -O. lO!GC-03 -0. 76.17t:-n..& -0. 6572£- 0-I 
9.0 -o. 1688£-03 -0.1449£-03 -0. 1108£-03 - o. 7639£-0. -o. usnE-04 - 0. 29!11£-04 -0.155~ £-t}~ -0.1049F:-l).l 

before we realized how anisotropic these intermolecu-
lar potentials are. When it was found that more terms 
were required to get the expansion of Eq. (16) to con-
verge, calculations were performed at the additional 
angles in Tables I and n and the v~ determin~ {rem a 

· weighted linear least-squares fit in which the points in 
the tables were given the approximate Gauss weights of 
0.02, 0.06, 0.10, 0.14, 0.17, 0.19, 0.21, and0.22, 
res:iectlvely. The reason this was done is that a least-
squares fit using Gaussian points and weights gives the 
same optimum fit as the quadrature. 

The results of the above procedure are in Tables V-
vm. The fact that iJ:F and v:F are consistently larger 
than J:F and the lack of convergence of Eq. (16) at the 
smallest r values underscore the strong a.-,isotropy of 
the potential energy surfaces. For the Ar-CO: sys-

tern keeping terms througl v/0 gives Eq. (16) converged 
to within 2 or 3% everywhere except at the smallest r 
shown. However, the procedure used for He-CO2 gave 
stable coefficients only through v~ and convergence of 
Eq. (16) to within about 10% (and worse at the smallest 
r shown). 

Over most of their ranges the v! in Tables V-vm die 
smoothly and slightly faster than exponentially with r. 
At large r it is seen that some of the t~ r become 
slightly negative as did the Yu of Tables 1 and m. 
(Had we not used Rae's cc•rrection they would h:lve been 
much more negative.) A true Hartree-Fock potential 
would go slightly neg:ilitt here only because of induc-
tion effects that are not i:Rduded in the electron gas 
model. Hence, these .neg:uive points were considered 
to be an artifact of the model and omitted in fitting the 

J. Chem. Phys.. Vol. 64, No. 4. 15 February 1976 

195 



www.manaraa.com

196 

11172 Parker, Snow, and Pack: Intermolecular potential surfaces. I 

TABLE V. The coerrtclenta 11:P Ir) In the Legtmdre expanalon of V8 p for the He-CO, 
Interaction. Hartree atomic units. x 0 2 4 6 8 

3.5 0.1817E+OO 0.4997E+OO 0.3510E +00 0.176SE+OO 0. 8034E-Ol 
<l.O O. 7838E-Ol 0.2133E+OO 0.1371E+OO 0.5764E-Ol 0.19-17E-01 
4.5 0.3231E-01 0.8787E-Ol 0.5373E-Ol 0. 2051E-01 0.5el6E-02 
G.O 0.1274E-01 0.3469E-01 0.2039E-Ol O. 7247E-02 O.l891E-02 
5.5 0.4829E-02 0.1320E-01 o. 7510E-02 O. 2477E-02 0.5759E-03 
e.o 0.1755E-02 0.4839E-02 0.2690E-02 O. 8409E-03 0.1788£-03 
9.5 0.6125E-03 0.1718E-02 0.942SE-03 0.2780E-03 0.5295E-04 
7.0 0.2024E-03 0.5854E-03 0.3212E-03 0.9042E-04 0.1564E-04 
7.5 0.6166E-04 0.1890E-03 0.1059E-03 0.2894E-04 0.4771E-OS 
8.0 0.1636E-04 0.5672E-04 0.3379E-04 0. 8895E-OS 0.1278E-05 
8.5 0.2979E-05 0.1475E-04 0.1020E-04 0. 2740E-OS 0.3831E-06 
9.0 -0.2991E-06 0.2638E-OS 0.2780£-05 O. 8167E-06 0.1215E-06 
,.s -0.7251E-06 -o. 2504E-06 0.6017E-06 0.2319E-06 0.4110E-07 

TABLE VI. 11',;"8 Ir) for He-CO,. Hartree atomic units. x 0 2 4 6 8 

3.5 -0.4873E-02 -0.7504E-02 -0.29l9E -02 -0.9281E-03 -0.3068E-03 
4.0 -0.3008E-02 -0.4757£-02 -0.1713 E -02 -0.4580£-03 -0.1141£ -03 
4.5 -0.1796£-02 -0. 2885£-02 -0.9677£-03 -0.2250E-03 -0.4446£-04 
5.0 -0.1045£-02 -0.1698E-02 -0.5323E-03 -0.1103E-03 -O. l!:44E-Ol 
5.5 -0.5949£-03 -o. 9793-£-03 -O.:i.877E-03 · -0.5316E-~ -0. 7775E-05 
e.o -9.33l~E-03 -0. 5561E -03 -0.1537F. -03 -0.2529E-04 -0.2721E-0. 
6.5 -G 1814£-03 -0.3123E-03 -ii.8176E-04 -0.121:lE-O-l -0.84~6E-C5 
7.0 -0.9662E-04 -0.1726E-03 -0.4417E-04 -0.5820E-OS -0.4l80E-06 
7.5 -0.4990E-04 -0. 9299E-04 -0.2379E-04 -0. 2408E-05 -0.1781E-Oli 
8.0 -0.2488E-04 -0. 4803 E-04 -0.1319E -04 -0. 9094E-06 +0.3021E-07 
8.5 -O. l196E-04 -0.2344E-04 -0.7035E-05 -0.6809£-06 + 0.1226E -00 
9.0 -0.5Gl7E-05 -0.1067E-04 -0.3284£-05 -0.4E64E-06 +O. 7783 E -08 •-~ -0. 2641E-05 -0. 4995 E-05 -0.1402E-05 -0.1753E-06 -0.3~94E-08 

TABLE VII. v :r (,·) 'or Ar-CO2• Hartree atomic units. 

k 0 2 4 6 8 10 

3.0 0.2190E+Ol 0. 6290E +01 0.5973E+Ol 0.4410E+Ql O.~b03E+Ol 0.1572£ +01 
4.0 O. 4lli3E +00 0.9661£+00 0.5519E+OO 0.2315E +00 0.9499E-Gl 0.3846£-01 
5.0 o. 9100£-01 0.2141£+00 0.1052E+OO O. 3091 E-01 0. 7562£-02 0.2075E-02 
6.0 0.1726E-Ol 0.4211£-01 0.2019E-01 0.5386£-02 0.10o3E-02 0.2345£-03 
7.0 0.2778E-02 o. 7009£-02 0.3367E-02 o. 8293£-03 0.1371£-03 0.2365E-04 
8.0 0.3597£-03 O.lOOlE-02 0.4931E-03 0.1161E -03 v.1544E-04 0.1157E-05 
9.0 -0.2189£-04 0. 9817E-05 0.3823E-04 0.1317E-04 0.4.996£-06 -0.1639 E·- 05 

TABLE VITL u .ooa (y) for Ar-<:o,. Hartree atomic units. 

0 2 4 6 8 10 

3.0 -0. 2758E-Ol -0. 32C5E-01 -0.1121E -01 -0. 339@E-02 - 0. 9135E -CIS - -0. 2542E -03 
4.0 -0.1214E-Ol -0.1573£-01 -0.485~E-02 --0.1173E-02 -0. 2973 E-03 -0. 8660E-04 
5.0 -0.4770E-02 -0.6517E-02 -0.1821E-02 -0.34i3E-03 -0.5455E-W -0. 8S26E-05 
6.0 -O. t740E-02 -0.2450E-02 -0. 6209E-03 -0. 9945E-04 -0.1255E-M -0.1419E -05 
7.0 -0.5998E-03 -o. 8725£-03 -0.1994E-03 -0.2687E-04 -0. 2764E-05 -0.3638£-06 
8.0 -0.1938£-03 -0.2985E-03 -0.6259E-04 -0. 7160£-05 -0.3754E-06 +0.1509£-07 
9.0 -0.5711E-04 -o. 9583E-04 -0.2050£-04 -0.147~E-05 -0.14B4E-06 +0. 7528E-07 
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TABLE IX. Parameters A_. ands., for He-CO, obtained dlr1tCtly by fitting th" electron pa e•lmatee of 
11 :rand oi°". Rartree atomic units. .. 0 2 4 

Aot 0.172995E+02 O. 655752E +02 0.105137E +03 
A,_ -0. 982289 E +00 -0.112538E +01 -0.144877E +01 
A-, -0. 917494E-01 -0. 766468E-01 -0.522417E-01 
s., 0. 784153E-01 O. 126468 E + 00 0.118507E +00 
s •• -o. 628088E +00 -0. 663263 E +00 -o. 976097E +oo 
s .. -0.470607E -01 -0. 399192 E - 01 -0. 215588E - 01 

v!, so that a better estimate of the induction effects 
could be included as in the next section. Also, due to 
the fact that the He or Ar atom gets very cloee to the 0 
atoms at some of the smallest r values, some of the v! 
lt1nk upward at small r; such values were also omitted. 
Then, the v! were fit to the forms 

(18a) 

and 

(18b) 

by ordi..ary least-squares fitting of lnl v!I. The forms 
shown are sufficient to fit the ln I v!I of the larger v! 
with a standard deviation of about 1 % which corresponds 
to an error of about 5% in the v! themselves. The ex-
pansions in Eq. (18) were truncated to a linear term in 
the exponential whenever addition of the quadratic term 
decreased the standard deviation by less than 20%. The 
results are In Tables IX and X. 

As a test of the overall fit we note that when these 
-parameters were used in Eqs. (16) and (18), the pa-
rameters for Ar-CO. gave back all the original points 
with 4., r-. 8 In Table m with a standard fractional de-
viation of 3. 4%, and the parameters for He-CO2 gave 
back the original points with 3. 5 ., r -. 7 in Table I with 
a standard fractional deviation of about 8%. 

C. Addition of van der Waals tail 

If one attempts to construct a complete potential en-
ergy surface by siJnply adding together the VH,, and 
Y coa of the previous subsection, he gets , as we noted 
elsev:here, c an attractive well that is m\!ch too shallow 
and lacks proper van der Waals l;ehavior at large dis-
tances. To remedy this deficiency and give a potent ial 
which is smooth and behaves reasonably everywhere, 
we use a simple generalization of our method for at-

6 e 
O. l 78531E +03 0. 314919E+03 

-0.190354E +01 -0. 240207E +01 
-0. 239120E -01 o. o : E+OO 

O. 761871E -01 O. 296293 E +00 
-O. ll6525E +01 -0. 188254E +01 
-0. 280915E-Ol 0.0 E+OO 

oms;• namely, we note that VcoR is only qualitatively 
correct• and also small compared to Var at small dis-
tances, so that we are free to scale it without loss of 
accuracy in the method. Then, we let 

(19a) 

(19b) 

where the van der Waals Ce and C8 coefficients are tak-
en from the preceding paper, u,z, r. is the point at which 
the logarithmic derivati\·es of the twc, forms are equal, 
and B~1 is chosen to make 1,;08 continuous at r "' for 
n-. 4. For n > 4, B.i was scaled by the same factor as 
was B.,. The resulting parameters are in Tables XI 
and XII. They constitute our best present a priori es-
lim:i.tes of the poteniial ene~y surfaces. 

D. Comparison with experiment and adjustment 

Results from a number of experiments capable of giv-
ing information about the He-CO, and Ar-CO2 interac -
tions are available. Ho-srever, to use line broadening, :u 
rotational rela.ut1on, •• or molecular ooam21-•0 data to 
make a meaningful test of intermolecular potentials as 
anisotropic as these requires treatment of the rotation-
ally inelastic collision problem; this is in progres s and 
will be reported later. Thus, except for comparison in 
the next section with the results of Amdur :u-,d Mason , >o 
the only experimental data that we now .:on,;icle r are the 
virlal coefficien:s measured by Brewer31 and Cott:-ell 
et al. sz The interaction second virial coefficient (in 
atomic units) for our angle-dependent potentials is given 
en by33 

B(T)= ,.[r2d,·t ds-{1-exp(-V(r,.r) / k7j}, (20) 
-1 

where .r=cos9 , k is Boll.zruann ' s constant, and Tis the 
absolute temperature. In evaluating Eq. (20) using the 

TABLE X. Parameters A., ands., for Ar-CO2 obta ined directly hem flttln ~ electron ,:as estlm.:les. Hartree atom;c units . ... 0 2 4 6 8 10 

A., 0. 290852E +02 0. 82·1571 E + 02 O. l28551E+03 0. 413298E +03 0.431680E + 03 0. 565 288E +03 
A•t -0. 716288E +00 -0. 811806E+OO -0. ll 7577E+Ol -U. 18&135E +01 -O.n4596E +01 -0. 2H616E +01 
Aa1 -0. 86913GE-01 -0. 753131E-Ol -0. 477138E-Ol 0. 0 E+OO o. • E+OO o.o E+OO 

•• 0. 273733 E • 00 0.311774E+OO 0. 14893 8E + 00 O. 10G68SE +00 O. 3'0!143 E - 01 0. 30S072E + 00 
s •• -0. 650-i79E +00 -0. 62067 /E +00 -0. 735340E->'.>0 -0.105547E +01 -O. llkl942E +01 -0.204765E+Ol 
B-, -0.320299E-Ol -0. 310717E-Ol -0. 29G750E-Ul -0.1SZ219F.-Ol -0 ... 9-1781£ -01 o.o E+OO 
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parameters of Tables XI and XII, tt.e inte~rations over 
very small and very larger were done analytically, and 
that over moderate r was done by two dimensional 
Gauss-Legendre quadrature using 32 points in each co-
ordinate. The results (in units of cc / mole) are the sol-
Id lines in Fig. 3, where one sees that the agreement 
for He-CO. is excellent and limited only by the scatter 
in the experimental results. However , this agreement 
is clearly fortuitous as the calculated Ar-CO, B( 7') lies 
parallel to but above the experimental results and in-
dicates that our Ar-CO1 potential is too repulsive. 

This was surprising to us, and we have no explanation 
for it; on the basis of our atom-atom results' we ex-
pected He-CO2 to be too repulsive and Ar-CO2 to be 
accurate. To improve agreement, one can increase the 
magnitude of the ath·active VcoR or decreast> the repul-
sive Var• '!'o know which is appropriate would require 
more information; \\ e arbitrarily chose lo do the latter 
by scaling down all the Ar-CO2 A., uniformly so that 
L'te slope and anisotropy of VHF are still those given by 
the electron gas model. Use of A~,= 0. 771 A,.. was 
found to minimize the standard deviation from expcri-

TABLE XI. Paramcters of the best a priori He-<:O, lntermolecuiar potential obtained by the preunt method. 
Includes the van der Waals potential. Ha:rtree .1tomtc units. 

•= 0 2 4 6 8 

Aat O. l 72995E +02 0.655752E+02 0. 105137E i-03 O. l78531E+C3 0.~14919E •03 
A,,, -0. 982289E +00 -0.112538E+Ol -0. 144877E +Ol -0.190354 E +01 -0. 240207E +01 
Aa1 -0. 917494E-01 -0. 766468E-Ol -0. 522417E -01 -0. 239120E-Ol o. c; E•OO 

0.122126E +00 0.569431£-01 0. 252919E-Ol o. 1~2599!': -01 0.~36620E-01 
B,a -0. 62808BE +00 -0. 663263 E +00 -0. 976097E +00 -O. ll6525E • 01 -0.18S254E + 01 
B-, -0.470607E-Ol -0.39919:?E-Ol -0. 215588E-01 -11. 280015E-01 0.0 E+OO 
r. 5. 72050 6.27735 6.39141 
c.;.> 16. 75 3.88 o.o o.o o.o 
c,<-> 278. 290. 57. o. o c.o 
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TABLE xn. Parameters rl. the belt present a priori A~Oa Interaction Including the van der Waals potential. Hartree atomic 
units. .. 0 2 4 

Ao1 0.290852E+02 0. 824571E+02 0.128551E+03 
Aoi -o. 716288E+OO -0. 811806E +00 -0.117577E+Ol 
Aoi -0. 889136E-Ol -0. 75:ll31E-Ol -O.i77!38E-Ol 
B'.1 0.599058E+OO 0. 207391 E +00 0.523497E-Ol 
Bwi -0.850479E+OO -0.620877E+OO -o. 735340E+ 00 
B•I -0.320299E-Ol -o. 310717E -01 -0.29675GE-Ol ... 8.32925 6.90026 8. 96450 
c,c,,> 114.5 28.8 0.0 
c,c,,1 2380. 2080. 410. 

ment and gives the excellent agreement of the dashed 
line in Fig. 3.- For convenience, the parameters of the 
resulting Ar-CO2 potential are all given in Table XIIl. 
(It should perhaps be noted that the standard deviation 
is already a minimum for He-COz; variation of the A.i 
by even 1% makes agreement worse I) 

IV. DISCUSSION AND CONCLUSIONS 

The tc.tal v. o! the final potentials for He-co, (Table 
XI) and Ar-CO2 (Table xm) are plotted in Figs. 4 and 
5. Note from them that v0 and Vi are the only v, with 
appreciable attractive wells and that they emphasize the 
domirul.nce of the nonspherical parts -or the potential at 
short range. Be~use of this the v0 fer He-CO, ob-

8 8 10 

0. 413298E +03 0.431680E+03 0. 565288E +03 
-0.188135E+Ol -o. 214596E +01 -0. 244616E+Ol 

0.0 E+OO 0.0 E+OO o.o E+OO 
0.374994£-01 0.137376E-Ol 0.108283E +00 

-0.105547E + 01 -0. 103942E +01 -0. 20476.•E +01 
-0.182219E-01 -0.494781£-01 0.0 E+OO -o.o o.o 0.0 

o.o 0. 0 o.o 

tained by fitting integral scattering cross sections with 
a simple almost spherical model" and the v0 for Ar-
co, obtained from fitting the Yirial coefficient data with 
a spherical model potentia!34 bear little similarity to 
the present v0• However, also plotted on Fig. 5 as a 
dashed line is the t:0 inferred by Mason•• from Amdur's 
high energy scatterL-ig data. Considering the approxi-
mations involved in using a spherical model to an:i.lyze 
the scattering data, the fact that our v0 and theirs cross 
and have slopes no more dillerent than they art! is sur-
prising and must be considered to be excellent agree-
ment. 

A coniour map of the final Ar-CO2 surface is given in 
Fig. 6 which shows clearly the sh:lpe of the surface and 

10° ..----,...--....,..----,---....---..---.-------.--...... ----. 

0 

-10"4 ..._ _ _._ __ _.... __ ...._ _ _._ __ ....L. __ .,_ _ __. __ _.__ _ __. 

3 4 5 6 7 8 9 IO II 12 
r(o.u.) 

J. Ch<Jm. Phys.. Vol. 64. Ne . 4. 15 Feorua,y 1970 

F1G. 4. Leo~codre C<'cffi-
clents "• of the final He-CO, 
tutermolec.-ular potential vs 
dlstaoce. Atomic units. 
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TABLE XIII. for the final Ar-CO, Interaction alter of the van der Wu.I• pc,tentlal and 
adjultmert to flt vlrtal coefficient data. Hartree atomic units. · .. 0 2 • 
A~t 0.224247E+02 0. 635744E+02 o. 991128£ +02 
A,e -o. 716288£+00 -0. 811806E+OO -0.117577£+01 
A.a -o. 869136£-01 -0. 753131E-Ol -0. 477138£-01 
s;. 0.599056£+00 0. 207391E+OO o. 523497£-01 

-o. 650479£ +00 -0. G20877E +00 -0. 735340E+OO .. , -0.320299E-Ol -0. 310717E-Ol -0. 296750E -01 ... 8.32925 6.90026 6.964&0 
Ccwl 114.S 26.6 o.o 
c,<-> 2380. 2080. ,UO. 

locatic,i; of the minimum. The He-CO1 surface (not 
shown) la qualitatively similar, with a minimum 3. 05 
x Ur' a. u. deep occurring at r = 5. 7 a0 and 8 = 11/2. 
These llllrlaces are probably reasonabiy accurate in the 

6 8 10 

0.318652E+03 0.33Z826E+03 o. 435837£ +03 
-0.188U5E +01 -0. 214!596E +01 -0. 244616E +01 

o. 0 E+OO 0.0 E+OO 0.0 E+OO 
0.374994£-01 0.137376£-01 0. 108283E+OO 

-0.105547E +01 -0.103942E+Ol -0.204765E+Ol 
-0.182219E-Ol -0.494781E-Ol o.o E+OO 

o.o o.o o.o 
o.o o.o o.o 

repulsive region up to the O. la. u . contour; however, 
the nonphysical behavior of the l a. u. contour is due to 
d ivergence of the Legendre polynomial expar.sion and 
analytic flt of the v.- It was not present in the original 

~1.---,---,,----,---,------r--..----.--.----:::i 

1o·Z 

-:,; 
.g 

C: 10·3 > 

0 

3 4 5 

-- Present results 
- - Amdur- Mason v0 

6 7 8 9 10 II 12 
r(a.u.) 
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FlG. 5. Legendre coeffl-
cienta "• of the final A r-CC)i 
Intermolecular potential vs 
distance. The dashed line 
ls the"• of Ref. 30. Atomic 
cults. 
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10'4 

,, 
I '•l><I0-3 \ 

: V I 

FIG. 6. Contour plot of the 
Ar-<:(li potential energy 
surface. The positions of 
the carbon and oxygen atom• 
are noted. The contours In 
the plane give the potential 
energy felt by an argon atom 
at that point ID _atomic 

90•1-+-t--+o---,~f+-i-+-++--+~--... "--E+--H-+-++ii.;+--!+--+-1!---i90• 
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\.,' I 

,so• 

results of Tatiie n. Thus, the present analytic fits to 
these surfaces sh:iuld not be used for the calculation of 
properties at energies or temperatures high enough that 
there is appreciable penetration inside the O. 1 a. u. 
contour. For such properties or for a study of vibr:i.-
tlenally Inelastic collisions, use of the potential surface 
of Suzukawa21 would probably be more appropriate. 

Before endL"lg this discussion we point out some o[ 
the limitations and weaknesses of the present method 
and results. First, the comparisons with virial and 
scattering results indicate that the present rurfaces are 
much better than one might have expected from such a 
crude model as the electron gas model, but many more 
studies are needed to see just what the limits of reli-
ability of the model are. In this connection an improve-
ment to the Rac3 exchange correction is needed; had we 
not used it our a priori Ar-CO2 surface w'luld probably 
have given better virial coefficients, but our He-CO2 
surface would have been too attractive. Second, there 
is some arbitrariness in our fit of the surfaces. For a 
molecule as asymmetric as CO., use of prolate sphe-
roidal coordinates and expansion in spheroidal harmon-
ics 'ili'Ould probably have given better convergence at 
small distances than the present e;,..,,ansion, and the van 
der Waals potential would also be valid to smaller dis-
tan.:es. 35 (In the pre,;ent expansion the distances r. in 
to which the van der Waals potential is used are appro-
p.rlate at angles near .r/2 but too small for afti;les near 
0.) For the present, rigid rotor model scattering cal-
culations could be done in spheroidal coordinates, but 
if vibrational motion were ll.llowed, it would cause dil-
flculty as the vibrational 3Jld spheroidal coordinates 

/ 

are not orthogonal. Third, our scaling of Fcoa to 
match the van der Waals potential makes it much less 
anisotropic everywhere, and there should really be 
some short-ranged anisotropic correlation contribu· 
tions, but we do not presently kn01.· how important they 
are or how to include them in a less than arbitrary way. 
Finally, because of the way they are constructed , these 
Intermolecular potentials are eicpected to be rather 
good In the long range and moderately short range re-
gions but weakest near the bottom of the attractive well. 
As a result, •.ve expect them to give rather good eSti-
mates of the magnitudes of thermal scattering cross 
sections but not to reproduce accurately any structure 
that is very sensitiv€ to the well region. 

In conclusion, we believe that, notwithstanding their 
limitations, the present surfaces for these systems 
are the first to have both realistic long and s hort range 
behavior. We are very encouraged by the success of 
the electron gas-van der Waals potentials in describing 
the few experimental properties used herein a,,d be~ 
lieve the surfaces are accurate enough to be useful in 
predicting and understanding many He-CO, and Ar-CO2 
collision phenomena. Scattering calculations to test 
this hypothesis are in progress. 

"Work performed in part under the auspices of the USERDA 
and supported in po.rt at Brig!ulm Young University by the 
USERDA and the University of California Los Alamos Scien-
tific Lal>or:itory through subcontr:ict no. XPS-72554 , 

'Present address : Group T-1;. l.oo Alamos Scientific Labora-
tory, Loa Alamos, NM 87545. 

f Present address. 

J. Chem. Phys., Vol. 64, No. 4, 15 February 1976 

201 



www.manaraa.com

APPENDIX E 

van der Waals INTERACTIONS 
OF CARBON MONOXIDE 

203 

(A reprint. See Gregory A. Parker and Russell T Pack, J. Chem. Phys. 
64, 2010 (1976).) 



www.manaraa.com

van der Waals interactions of carbon monoxide* 
Gregory A. Parker and R1:.1ssell T Pack 
D<po,rm,nt of Cli,m;st,y. Brigliam Younr Uni.,niq. Prow,. Utah 84602 
IUfd Group T-6,UNi>'<'nity of 0.li/urnio Los Alamos Sd,ntiflc Laboratory. Los Alamos. New Mexico 87545f 
(Jlecavcd 9 Sepumber I 97S) 

Padc approaimaftl metbods and experimental frequency dependent polarizabilit;c. are u...t to calculate 
reliable van tier Wu.ls C. coefficients for the interaction of CO with He, Ne, Ar. Kr. Xe, ff, Li, Na, IC. 
Kb, Cl, H,. N> 0.. CO,, and CO. Er= bounds arc given for the C. coefficients and for the CO oscillator 
ltn:aath • ...,.. 

I. INTRODUCTION ANO THEORY 

In a recent paper1 (herdnafter called I), one of us 
calcula.led van der Waals coefficients for CO, Inter-
actions using the Pa.de approltimant methods of Lang-
hoff and JCarplur to get the contribution to the polariza-
blllty from the ultraviolet part af. Its spectrum and the 
method of Nlr, Adams, and Rein,• which views mo-
lecalar bands as lines of finite width, to get the In-
frared contribution. In this paper we use this method 
to calculate the first reliable van der Waals C1 coef-

·ficlents for interactions involving carbon monoxide, CO. 

As ls WP.11 known,• the van der Waals C1 coefficient 
for the int.;raction of a !:-state diatomic molecule such 
aa CO with an S-state atom takes the form 

(l) 

wtizere e ls the allt!le between the molecular axis a.'!d 
vector from the center of mass of the molecule to 

the atom, and Pi is a Legendre polynomial. Here each 
coefficient includes both induction and dispersion con-
trtbt.tions: 

(2) 

The induction terms are simply given (in atomic units) 

(3) 

wile.re µ is the permaneit dipole moment af. the mole-
cule and aCA) is the static dipole polarlzability of the 
atom. Using the experimental value5 µ(CO)= - 0. 112 D 
z -0. 0441 a. u. consistent with the use of experimental 
polarizabillties, so that the resulting van der Waals 
J?(l'lential has been averaged over the ground state vi-
brational motion, one obtains the Cl""(L) directly. 

If the polarizability anisotropy ratio, K = (a, - a.)/ 
(a_+ 2a4 ), ls !mown as a !unction of frequency, C:'•('.!) 
can be calculated accurately.• Unfortunately, for CO 
vames of K have been reported at only two frequencies 
(,r=0.089, at• w=0.0720 a.u. and 0.100 at' 0.0934 
a.. u. ), and their difference is opposite that necessi-

by th~ spectrum of CO and thus wrong. We as-
SWDt! t!1at the average of the two iR the correct v-.uue 
ami negligibly diiferent from that at zero frequency. 
Then, as we have shown elsewher~, • c,ne can obtain 
~sonable bounds on C:'"(2) from 

qt•c2) =a.C:""(O), 

wUh 

(4) 

The Journal ol Che<r.ical Physics, Vol. 64, No. 5, 1 Merell 1976 

~I• - cr,1' a.:"+ zd! ,. s a,sK, 
which gives the estimate 

"e=0.083z0.0l7 

for CO lnteractioru:. 

(5) 

(6) 

The remaining part of C., C:'" (Cl), ls determined in 
the following section using, with minor mocilflcatlons, 
the method of Paper I, wh!ch briefly stated is as fol!ows: 
The experimental frequency dependent p.:,Jarizabllity 
is obtained from refractive index data using the wrenz-
Lorentz equation; then, it i• fit using a finite linewldth 
dispersion term for the ir part and a Cauchy expansion 
for the uv part. Then, the resulting sum rul£s (coef-
ficients of the Cauchy expansion) are used t<> construct 
upper and lcwer Fade bounds to the polarizabillty. 
From these, effective oscill.a.~-i:- st~enb-ths and ex~i-
tation frequencies are obtaL,ea frc,m which upper and 
lower bounds to C:'"(0) are obtained. 

II. CALCULATIONS ANO RESULTS 

A• input data we used values of the -refractive Index 
71 of CO at 94 wavelengths ranging from 237, 9-13 000 
nm reported by Undolt and Bornstein• and the lnter-
national Critical Tables. 10 We were ur.able to find any 
newer measurements. The frequency-dependent aver-
age polarizablllty [a= ½(a, .. 2a,)] was obta!ne.! at e:ich 
frequency from, the Lorenz-Lorentz equation3 

a(..,)=2._ (!J!=,l) 
4,rn tf-,2 ' (7) 

wh!!re n is the m;mber density of CO molecules. Tlte 
Benedict-Webb-Rubin equation of state for CO uf 

TABLE I. Oscillator strength sums for CO. The ultraviolet 
contributicns we::-e obtained directly from !itti:q;t Eq. (9) and 
the. infrared conlriWtions from expansion uf the first term in 
Eq. (9) after fitting: S(O) is from the Reiche-TI1oma,;-Kulln 
sum rule. All are in lJartree atomic units . 

k S"'(kl s"(k) s'°'(l,l 
0 14.00~il l.J7 -,, 10-5 U.11000 

-2 1::. 0~91 ! 0. 0002 0.l-12,.0.00~ 13. ~31 !0.003 
-4 47.842,tU.05~ l. ·18 X 10! l.5~Xl03 

-6 :118.6,t s. 7 1.s1 x 101 1.51 v.10 1 

-s 2800,o2JO 1.53 >< 1u" 1.s,~ 10" 
-10 265~0 k 3000 1. 5:ix 101S l.59 XlO" 

Copyright Cl 1976 A..,,.,ia,n lnstitutP of Physics 
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TABLE D. Effective oscillator strell;!lhn /., frequencies w., 
and widtha y~ for CO. Here A,.•_f,J(.j;;,. The para.meters for 
11 • l were obt:lioed from Eq. (9). On the other• M :ind I label 
pJ.rameters from the upper and lower bounding Pade approxi-
m:uw,. Hartree atomic 

" ,. A. "'• ,,_ 
l 1. :16874 E-5 O.HlSG-14 ~.8329-12£..;! 3. 040752 £-4 
z.. l~.13886 6.919783 l.:.t77947 o.o 
21 5.539610 9.959741 o. 7~57883 o.o 
3,. 0.8611361 6.169117 0.3736090 o.o 
3l 0.3271316 3.129359 0.3233207 o.o 

Schill~r and Canjar'1 give3 :is the conversion factor 
from measurements at STP to a(w) in atomic units 

3/(hn)= 59926. 98 ,ro. (8) 

a(O) can also be ob!a.ined from dielectric constant mea-
suremer.tslZ via the Clauslus-Mosotti eqUlltion, 13 and 
the value a(O)= 13. 2Lt.0.13 ,zj thus obtained is consis-
tent with the a(O) S(- 2) determined below from re-
fractive index data but sufficiently uncertain that it 
could not be used to improve accuracy. 

The experiment:il a(w) were then fit by the formula 
(see Paper I) 

. ~-(w/w,)11 f 
Rea(wJz {l -(w/w~T.,..;w~ + ~S"(-2k-2)..r•, 

The resulting oscillator strength sums S'"(k) are 
given In Table I . These were used to calculate the 
[2. 1] Pade approximants• from wnich the effective os-
cillator strengths and effectl\"e frequ>?ncles of Table II 
and upper and lower bounds to the c:"(O) could be ob-
tained as in Paper I. However. the Pade methods 
treat the S,.(k) as though Ibey were exact and had been 
determined with ai: Infinite number of terms in the sum-
mation in Eq. (9). To get an estimate of the additional 
error thtJs introduced. we varied S"(- 10). which is 
not needed by the [2. l] Palle approximants. over the 
entire rangP. allowed by the Stieltjes constraints to see 
what values of the other S(k) and of ct•(o) that would 
generate. That ga..-e the error limits shown in Table I, 
but because the origil'al data were quite smooth and the 
uncertainties in the S(k) are quite small. it only widened 
the error bounds on the c: .. (o) slightly . 

The resulting C:'•(0·1 for the Interaction of CO wilh 
a number of partners (using the sum rules from Refs . 
1 and 2 for the other atoms and molecules ) are given 
in Table m. The numbers shown are the means of 
the best Pade bounds. but the uncertainties include the 
range of values generated by the uncertainties in lhe 
S(k). Also in Table II are the induction and ar,gle-de-
pendent parts of Ce for the partners fc,r which Eq . (1 )-
(3) are adequate. The induction terms are , ·ery small 
because the dipole moment of CO ls so small . 

(9) 

where the first term is th-:, cont:ibut\on of the ir spec-
trum of CO, and the u,· contribution has been expanded 
In a Cauchy series. The parameters in (9) were de-
termined by an iterative procedure in which the three 

..._parameters in the ir term and S(- 10) were calculated 
using a nonlinear flexible tolerance minimization pro-
gram" which included the Stieltj es constraints, 2 and 
S(-2) through S(- 8) were calculated using a linear least 
squares method. This procedure gave a root mean 
square deviation of 0. 0-H ai. which is half that of the 

BP.fore concluding we note that the C • coetncients 
discussed herein are only defined within :h-, Born-Op-
penheimer appro,cimation. and only the el,·,,trnnic po-
larizabllity should be used In c3lculatin!; q " (O). In a 
future publica tion. • "'" discuss the vibra:i imal coordi-
nate dependence of C0 in detail and s ii:,w tr.at. t:, .. l!°O;,<! 
approximation. the experimental quantities ne eded in 
calculating c. are the S'"(k) rather than the s••• (k ). In 
the present cas <c the ir spectrum of CO contributes only 
about !% of the static polarizability . and inclusion o! 
the ir contribution (n: 1 term of Table II) would change 
the c:•• of Table III by a comp!etcl;, nr.gligible amount 
(less than 0.1'.o ). In our previous paper on CO, c. coef-2 term !it of Nir. Adams. and Rein.' 

TABLE m. Van der Waals C1 coefficients for the inter:ictlnn of CO with various 
partners. All are in Hartree atomic units k 2ag). 

Partner (1•10) Cl"'(O) Cl°'(O) '-1',2) c !"'<2> Cl°'(2) 
H 23.0,e0.9 8.74 E-3 23.0 ,> 0.9 1.92,.u.47 8. 7~ E-3 1.921 0.~i 
Li 20l.9t4.l 3.18 E-1 202.2:~.l 16.8 ,e 3.S 3.18 E-1 17.l <c 3, 8 
Na 246,>16 3.25 E-1 24706 2u.5 .. 5.7 3.25 E-1 20.8,>5.7 
K 363¼24 5.59 E-1 364¼24 30.3±8.4 5.59 F.-1 30.8±8.5 
Rb 412¼28 6.13 E-1 412¼ 28 34.3±9.7 6.13 E-1 34.9 : 9.7 
Ca 355¼16 6.92 E-1 356:!:16 2.q.6±7.5 6.9~ E-1 30.3¼ 7 .6 
He 11.2 ¼0.8 2.69 E-3 11.2 ¼0.S o. 93 ± o. 27 2.69 E-3 0.93±0.27 
Ne 23.8¼2.5 5.18 £..;J 23.8 t 2.5 1.98 -e0.65 5 . 16 E-3 l.98 t0 . 6fi 
Ar 78.2¼7.6 2.15 E-2 78.2 : 7.6 6.5 .. 2.1 2.15 E-2 6.5 :t: 2.l 
Kr 111 ±12 3.251:-2 111* lZ 9.3±3.0 J.25 .Z-:.! 9.J !: ;;.1 
Xe 192¼25 s.nE-2 192± 25 16.0±5.7 5.31 E-2 l~.0:5.7 
Hz 32.l,>l.S 
Nz 80. 7 ¼6.9 
0, 62.8 ¼3.3 
co, 128.6 ±8. 7 
co 88.4Jc9.7 
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ficients, 1 this ir contribntion was inadverter,tly included, 
and the C1 coefficients obtained ihere should be revised 
downward by abuut 1% (which is still well within the 
stated ancertainity I. 
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van der Waals interactions of n-state linear molecules with 
atoms. C6 for NO(X2n) interactions* 

Glen C. Nielson, Gregory A. Parker, and Russell T Pack 
Dq,ortnvnl of Clrt,r;inry, Brigham Young Uni..,rsily. Prow,, UtJh 846/J! 
and Gn,u,• T-6, Uni.,,.;ry of California Lo, Alamos. &i,n!(fic Laboratory, Los Alamos. .',,,. Maico 87$4$ • 
(R,ccivcd 23 Ck<obcr 1975) 

Formula.\ ar: dcriw.:d for the \'an dcr Waals C. coefficients for the i11te:raction of a diatomic D\Olccu!e in & 

ii clectroaic state with an S-sute :atom. Two tri:uomte .. ta,es an'IC: fror, the dcgenc.r.ue rt :.c:utc. The 
l\lerage of' the twc-, energies il..as the usual Legendre polp1omial (Pl) .sn~ular depc:ndt·ncc, but the ~iff:rence 
in CIO"'tics of the two &tatc:s U. shown to tuvc associated Legendre polynomisl C Pf with M ,_ 2} anp:uW' 
dependence. Pnx-:o.Jurc, for inch,ding spin orbit coupiing arc 1ncludod. anc.J the ~tension to intenctiom ol 
~- ar.d ~-state r.'kllc..:ules is disc.·us~d. Values of the spherical part of thi:: c, L-OC:flkicnts tor tl•I! interaction 
of NO with He. Ne. Ar, Kr, Xe. H, Li, N:,, K, Rb, Cs. H,, N,, 0 1, CO, CO,, and NO are obtained fl'OC1 
fr~-dcpcnc:!ent po!arizability data usir.g PadC :-pproximants. In addition, cstimat~ of an the induction 
and a&~.«pendcnl parts o( C, are given for the NO-atom inteni<:tions. 

I. INTRODUCTION 

When a diatomic. molecule in n electronic state inter-
acts with an S-state atoci, the interaction b1·eaks the 
degeneracy of the n state and two potential energy sur-
faces arise, one for which the electronic \\'aveii:nction 
is symmetric under reflection in the triatomic plane 
anc! one for which it is antisymmetric. In connection 
with our c~lculatlon of these two surfaces for the Ar-
NO system' using the electrcn gas model, we became 
interested in also determining tl:e van der Waals po-
tentials for such systems. This paper presents the re-
su!ts of ccr study. 

In the next section we de:ive the for:nula for the gen-
eral second order van der Waals c. coefficient for the 
nonrelativistic interaction of a n state diat-Jmic with an 
S-state atom using the notation of our recent p:!;)er on 
those interactions for :!:-stat,;, molecules. 2 Two sur-
faces are obtained. Others"•• have combined these two 
surfaces by introducing dependence on an azimuthal 
angle; however, v.-hen one dues U1at he must remernoer 
tbat the additional coo!"dinate is an clectro11ic coordi-
nate and cann:>t be treati;d as a nuclear coord!nate in 
colllslon studies. To aY->id confusion, we stay strictly 
within the Born-O;>penheimer approximation a,,d keep 
two surfaces. 

In Sec. Il we also look in detail at the C 0 coefficient 
.ind discuss ways to estlmate the parts of it. In Sec. 
m we apply these methods to tl1e interactions of NO 
(x'm, obt:lining the spherical part of C6 from frequen-
cy-dependent polarizabillty data using the Pade ap-
proximant methods of Langhoff and Karplus; and esi• 
mating the angle-dependent parts of C6 from ::vailau!e 
data. Then, in St'c. IV we show how to include spin-
orbit coupling and also discuss the results. 

II. THEORY 

A. Derivation of general formulas 

We coni<ider a neutral molecule A in an el.adrouic 
state and a neutral S-state a:om n L--iter1c!L--i6 at a dis-
tance large enou,:h that eleclron exchan~e and ovi;rtap 
are negligible. In this section a cnmule tely r.narela-
ti\'istic, spin-free Hamiltm:ian is used; spin-orbit ef-

Tt. Journal of C!>err.ial Phy~c.s. Vol. 64, No 5, 1 March 1975 

fects can be lnduded afterward as disci.sscd in Sec. IV. 
Thus, were it not for th~ interaction, the correct 
zeroth-order electronic stat<!s fer the molecule, :e-
gardless of total spin S, would be denoted by I A, M ,> 
= I± 1, :.f,), where t-. is the corr.ponent c•f electronic or-
bit:it ang-.ilar momentlllll alons: the molecular a.'<is ::md 
.\f • is the component of electronic spin angular momen-
tum S a.Jong the same axis. Since M. i~ betn!I tre .. ti:d 
a,; a good quantum number at present, WP. will ~uppress 
it and write Ii\) for 1/\, ,lf,}. Now, , ,h;; n the ;uom Is 
present, the only symmetry remaining, in ieneral, is 
reflection Ir. the pl:'.ne of t!>e three atom~, 30 that the 
des~ner1cy er ! :; and ! ~- !~ i.~ !'e[;~C'~':!. I1 tlu• "'" .?x.is 
is kept perpendicular to the tri:i.tom:c· piane (Fig. 1), 
the proper zerolh-order :Lolecul:u- ·,·:i,·efunctio;,s lo ) 
are those which have defuti,e ~•ri:-1 J under the cpe.ra-
tion r, which refl.ects x intc - :,- (cut l'?~\·ei: spin sp.ice 
alomfi; tha_t is, 

(1) 

where c, = 0 and 1 give the even (+) ~--:d odd ( -) strates, 
respectiv~ly. However, as we t:av" ,Escuesed else-
where,• one ha.; 

(2) 

o, 

,' 
1 Ar 

A 6 
FlG. !.. Coordinate axes s,·nems used for !he inlera.CLlor ..:>l 
il il •state molecule A Un th~i r2.se NC) with an 5-stll.te s:om .H 
(such • ~ .-,rJ. :'he x axis er bc,th sy,;tcr:,s 1r. p 12 r~r.Cicul ar to 
tne plane of the th!"ce 3.tnrr..:-. 
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where s1. is a natural parity dependent on phase conven-
tions. (ForourNOexamp!e, s 4 =0.) Similarly, if 
10) is the gl'O'Jnd (S) slate wavefunction of atom B, it 
will automatically have some parity s 9 .under a, 

(3) 

(It happens that s 8 = 0 for all the atoms used as exam-
ples tn thiti paper.) With projection techniques onE: 
easily shows that the proper produ::ts to take as tbe two 
zeroth-order solutions of the triatomic problem are 

la, 0) = la> lo> =Z-111[11) + (- 11•••"' .. I- 1) JI 0). (4) 

The long range potential ls obtained by solv'.ng the 
electronic Schrodlnger eqcation in the usual permrba-
tive fashion.' The Born-Oppenheimer electronic Ham-
iltonian is written In the form, 

(5) 

where H,. and H 8 are the electronic Hamiltonians of 
molecule A and atom B, and V is the electrostatic in-
teraction. Because atom B has no permanent moltipole 
moments, the first order interaction energy vanishes 
at large distances, 

· Em= (0,a I Via, 0) = 0. (6) 

The secoi..:! order energy can be written, in general, in 
terms of a Green's function as 

E111 -(O,al (V -Ernl[H4 +H8 -EJ.A) -E0(B) J1 

:qv-E111lla,0). (7) 

in evaluating t..1.s, one is free to use any spectral rep-
resentation of the Green's function he wishes. For 
convenience we l:house to use the complete set of func-
tions Iv, n) = Iv) In), where Iv I a:1d In) are the eigen-
functions of A and B, respectively, which have definite 
A--andMs;(B) rather than definite reflection parl!y a. 
Then, because of the 3ymmetry of B, Eq. (7) becomes 

Em=_ LL' (0, al Viv, n)(n, vi V la , D) (8) 
., • (., + <,. , 

where £,.=E.(A)-E,J.A), etc., and the prime implies 
, omission cf the n=O term. However, the 11= 1±1) in-

duction :erms are included. 

When the multipole expansion far V is substituted 
into Eq. (8), Em takes on the usual van der Waals 
form, 

(9) 

where r is the distance from the center of mass of the 
nuclei of A to the nucleus of B, and in the notation of 
our recent work' on 1:-stale Interactions, c. is given 
by .... 

C,.=L4, .• _,, 
J•:J 

(10) 

where 
J-2 

6.11, =!.LL F(j,l, m)F(j',j'-j+l, - m)(- lt'" 
2 1•1 -

xf .. (j-1-l,j- 1-Z; B). (11) 

Here F(j, l, m) is a known coefficient, z. 7,• the f 0• are th., 
usual9 21• 1- 1 -pole oscillator strengths of atom B, and 
the Qj(A) are the multipole moment operators of A (in 
atomic units), 

Qj(A)= [4ir/(2l+ l)J1 11 LZ,rl_.Yj(81, ¢ 1). (121 
""' 

The sum in Eq. (12) is over all nuclei and electror.s be-
longing to molecule A with coordinates measured from 
the center of mass of the nuclei of A and the z' axis 
taken to point along r as in Fig. 1. 

To simplify eval::a!lon of the 1uu.!rix e !ements ir. Eq. 
(11) we transform from the ;:,resent coordinate s (the 
primed set in Fig. 1) to a new set (unprimed in Fig. 1) 
in which the z axis points along the molecular axis R. 
In d0ing so, the ,c axis is kept perpendicular to the 
pla."le of the three atoms so that reflection in the lri-
atomic plane will be the same (x - - ,c) in both srstcms . 
To achieve this rotation through angle aoout :r ;,sing 
Euler angles, we rotate the axes by a ~ 3:r./ 2 around 2 ', 

then by /3 = e around the resulting y " axis, and then by 
y = r. /2 about the new z axis. The eifed of this rota.ion 
on the multipole moment operators ls 

I 

Qi(r=z> = I: Dt.,(311/2, 6, •IZ>Qt(.1kzi, (13) 
•-' 

where the Wigner D functions are the representations of 
of t.'le rotation group. 10• 11 TJ-.i.s gives 

1-2 
6. ,=!.~~F(1· z m)F(1·'1·'-.1·+z -m)(-l)_T,'\'~ D' 11·-1-l ·-1-l) II zL..JL..i 1 ' ' ' L-LJ u.Jff"-'u. ,•mL..,L.., £ I (. E: \ J111\ , J , 

1•1 .. . • •• ., It ,. ,_ .. t- " ; (14) 
where we have surpressed the arguments of the D functions and also the A and 3 label;; whe n • v and n make them 
clear. Coupling the two Wigner D functions together via the Clebsch-Gordan ,..>ieorem'"·" gi\•es 

4 1~" (L l . -~"~ C(l ., · l L ' ~n.L ""'fo-lQ~lv) (vlQj:,., ! <t ) J. ( · l Z · • l) 11•=2r.1LrQ ,,1,J 4--'~ ,J-J+, ;µ,µ,µ+µ .,. • .,. •,04,,,L,;-,t · €,,(€,,+(") o.J- -,J-.L-, 
(15) 

where• 

a(L,l,j,j') = (-1)-F(j,!, m)F(j',j' -j+l, -nt) C(l,j' -j +l;L, m, - n:, 0), (16) 

[(2j-1)1(2j'-lll)''2 
= (2j- 2Z -2)1 (21)1(2/ _ 2j, ZZ)I C(j - l,j' - 1,L;0t'0) W(j-l - 1, l,/-1 ,L;j- l.;' -j+Z), (171 
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and W ls a Racah coefficienL u For those vall:.es of the parameters for which a is noru:ero, It reduces to 

( l)U•l'•Ll/:.-1( • ., L 2)l(j+;'+L-2) I 
. . - J+ 1 - - 2-- r. (2L+ l)(j-;'+L)IV' -j+L)I 1 11• 

a(L,l,J,JI= (j+;'-L-2) (i-i'+L),li'-j+L)r L</-j+2l+l+L)l(j -j+2l-L)tl . (lS) 
(2j - 2l - 2) 1 z I \ 2 \ 2 

Use of the d<o,finition [Eq. (4)1 for la), them-type selection rel1ae, and the fact that state Iv) has a well-defined 
angular momentum projection A,, :ilong the molecular axis allows the sums over µ and µ' in Eq. (15) to be done and 
cives 

fJ.1r s!. ~La(L,l,j,jJLL• fonU- l(-l,j) t-Z) [~,0 C(Z,j' -j+Z,L;l -A,,, A, -1, 0)(1 IQ:-..,. lvHvlQ:.o:.~:, it) 
4t:t'L ,, 

x (v 1Qf::j!1 I 1) ]. (19) 

The D functions here reduce'"•" to spherical harmonics or to associated Legencire pc,lyno_m,i:us, 15 

~.,(3./2, 9,,r/2) = [41r/(2L + 1))112Yr(-8, -11/2), (20) 

(21) [
(L-M)I]''' 

= (L +M)I • P,'.(cos9)e"" 12
• 

Using this and the relation 

Y°t•(-lt-Y(, (22) 

to avoid dealin& with f'i.2 , we have 

fJ.1r =!. r,>' a(L,l,j, jJLL ,fo.U- l(-l,j l -ll {I'i (cose)[C(Z,j' -j; l, L; 1-A., A. - l, 0\(t iQ;-Av iv) 
4 Jal 'r;"' ., n <11 + 

11L 2)' ·.) 1/Z 
x(v IQ:,:,~, I 1) + C(Z,j' - j + l,L;- 1- A,,, A.+ 1, 0) (- 1 IQ;'-' .. I I- 1) ]- (- 1)'"''~ ttt: 2) i 
xPf (cos8)[C(Z,j' -j+ 1, L;l -A,,,.\,+ 1, 2) (1 IQ;-"-lv)(v!Qf:.;1• 11-1) + C(l,j' -j +l, L;-1- ,\,, A,, -1, -2) 

Thus, it is seen that in addition to the ordinary Legen-
dre polynomial Pi angle-dependent terms which are es-
sentially the same as those obtabted for the interac- ' 
tions of :!:-state molecules, 2 the natural exp,ession for 
the c. for fl-state molecules "1s0 involves the assoc!:i.t-
ed Legendre polynomi:i.ls P1. Since the Pi =PL form a 
complete set, one could 1aexp:-ess the Pf as li:iea:- com-
bin:ltions of the PL• but, as we will show in a future 
paper' on collisions in these i,ystems, it is convenient 
t:> keep the Pi in there. Al~o, the fact that Pf= 0 when 
9 0 or 11 makes it clear that the difference in energies 
·of the two states with different a v:.r.ishcs, as it should, 
when the triatomic system is linear. 

From Eq. (23) one could generate ex;:,l!c\t e>.-pres-
slons for a.-,y c. coe fficient desired as we rec1aently did 
in getting co;,fficients thruul!h C • !or !:-state mo\ec•lles. • 
However, there is presently nut enuugh inlormation 
available for most n-state mo!ecules to calculate any-
thing pas, C 8 with any reli:.b:lity; he,1ce, we only con-
sider C1 in the n~ . .-t subs,)clion. Before doing so, we 
note in passin~ that tile ~roccdure ju.st p.:-csented can 
be extended very simply to trc2.l ,·an der Waals inter-

(23) 

a~tions of molecull's In fJ., ~. etc. (A= 2, 3, etc.) 
states. Everythini; i;oes through as bc!or: exccp, frr.t 
In Eq. (4) one has 

lo)= 2°'112[1 A)~ (- t)•4 •a-.i-A)]. (24) 

Equat!on (15) is obtainE<I as at present, bi:t Eq5. (19) 
and (23) are generalized, and the a,,gle deµcndecncc ob-
tained involvrs the pLiur :n addition to th.: usual Pi, 
B. The C6 coefficient 

Let us now construct simpler explicit formulas ior 
C1• We start from Eq. (10), · 

C6= ~33, (25) 

and from Eq. (15), rather than Eq. (23), to make cor:t-
parism, with the usual fo::-mulas easier. Thus, C 0 is 
given hy 

2 -

C 0 =½ >' a(L. 1,3,:i)L' C(l, 1,L;/J, µ', µ+µ') -~ 
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We break this up into Induction and dispersion contribu-
tions, 

c,=C1(1nd)+ c,(dis), (27) 

and c011slder each separately. 

1. Induction terms 

The induction contributions co,i,~ frcm the ter:ns 
wttb Iv) a 11) and 1-1). Noth•~ that - \,; µ, µ.'-"' 1, 
coo sees that all matrix elements like (- l IQ~ 11) are 
zero due to the m-~ype selection rul.i, ai'll all that sur-
Yiva are the 1>= µ' = O terms. s~ that C1(ind) becomes 

C.(lnd)=-4
1 ta(L, 1, 3, 3)C(1, 1, L;O, O, O)D0:0 a(B) 

L-0 

X [{1'1ttl 1)(1:Qt I 1) + {- 1 IQ11- l) 

x<- 1IQ~l-1> J, 
where a(B), given by 

(28) 

{29) 

Is the usual static dipole pol;i.rizability of atol!I B. The 
matrix ekments left here are all equal to the ordinary 
dipole m,;.:nent of A, due to 

µ.{A)= {1 IQ! I 1) = (- 1)•" (a:- 1) IQ~! 1> 

= (-1)"'{- llaQ111) = (- 1)'"{- 1 IQiol 1) 

(30) 

Here a only need reflect the molecular coordinates, and 
we have used the commutation relation• 

(31) 

Use of Eq. (21) and evaluation of Uie coefficients in Eq. 
(28) gives 

C.(ind) = C1(0, Ind)• C 1(2, lnd)P~ (cos8) , 

where 

C1(0, ind)= C 1(2, ind)= a(D)µ2(A), 

(32a) 

(32b) 

which is exar.tly the formula obtained for ~- state mole-
cules, so that nothing new is needed for this ter:n for 
n states. 

2 Dispersion terms 

Tbe dispersion contribution is given by the rerms in 
Eq. (26) for which Iv)¢ 1±1 ) and n-,,o. The matrix 
elements involved are 

<a!Qr ! v><vlQr' l11> = HC c1 !Qt I v><v IQ~· I 1) <- 1 IQ~ Iv> 
X(v IQ~• j-1) ]+ (- l)•A·.,...,[(1 jQ\' Iv) 
x{v)JQ~• l-1) • {-11Q~ I v)(vjQ( I 1) ]}. 

(33) 
We assert th:it the first two terms here gi,·e equal con-
tributions to the si:m, and thP. last t,,,o do likewii;,e . To 
prove this we represent Iv) l>y I/\.) !or clarity , .r.d use 
!l!.anipulaticns E•1rh as those in Eq. 130) to show that 

and 
(34) 

{- ljQr I A..){A.,jQf I 1) = ~l !Qi" I-A..){- /\.I Qt' l-1), 
(35) 

wb.erec,IA.,)=(-1)"'1-/\,). Now, the µ-type sums run 
symmetrically over positive and negative values, 
a(L, 1, 3, 3) is orJy nonzero for even L, for which the 
Clebsch-Gordan ::oeUicient is symmetric" unde:-
change of sign of µ and µ ', and in th;, present ca.1re 
n:._.•,o =D:-•,o, so that we can chani;e the si,;ns ofµ 
and µ' in the right hand sides cf Eqs. (34) and (35). 
That proves the assertion for all states v for which /\, 
= 0 . For any state with A., ¢0, there is always another 
state with the same energy and - I\,, In the sum. so C,at 
the total contrib;..tions are equal. Furthermore, we 
note that them-type selection rule is only satisfied U 
µ '= - µ in the first term and µ' 2 - µ In the third term 
of Eq. (33). Using these simplifications, we can write 

C1(dis)=C1(0, dis)+ C1(2, dislP~ (cos9) + (- 1l'DaP: (cos8), 

where 
(36) 

c,(L,dis)= ½a(L, 1,3,3)L C(l, 1,L; µ, - µ,O) .. 
x~' ""' {llQj lv) (v!Qj" 11 ) Ii (l l) 

~,,(~+ (") On , , 
(37) 

and 

I>,=½(- 1)•A·•••1,;r (~. 1, 3, 3) C(l. \, 2; u . 2 - /- , 2l/ 4 Il" ' '" .. 

In the C 0(L, dis) we note that 

{1 JQ~ I v)(vJQi" I l) (- l)" I {vJQi" : 1)!2, (3!l) 

and define µ.-dependent oscillator strengths2 by 

(40) 

With this 1t ls clear that the C1(L, dis) , In which /\ = l Is 
conserved, are exactly the well-known te rms that ap-
pear ln !:-state ir.teractions. Evaluating the coefficients 
in Eq. (37) gives the usual formulas 

C1(0, dis)=:!. I:" f o.fo. , 
2 . ,. <.<..(<.~(,.) 

(41) 

and 

C( l""" /9!,. r·• ½/' ,,.,, 
1 2,dls)= 2L.., E ( (< :-"i) _t 0,- 0,-21 0 , . , ..... .. .. . . .. (42) 

where 

- 1 "" /o,,= 3 L;:f;.,". 

and for the atom Jo. = fo •• 
To simplify the equation for L'1e new coefficient, D1, 

we note that the operators Qt and Qf" ace both nonzero 
only U-1.; µ., land -1,;; 2- µ ,,; 1 which 1s true only 
for µ = l. This means also that the only state is •• that 
coniribute to F.q. (38) are those wiU1 A,= O; i.e., 
states. Usin'! that, reflection symmetry, ll.nd Eqs. (39) 
and (40), or.e has 
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(43) 

and 

D1= ¼(41)"111(-1) .. a(2, 1, 3, 3)C(l, 1, 2;1, 1, 2) 

x:E" (- l) ._/o~ (l, l)f .. (l, l)/<0 <.(<.+ <.), {44) ... 
or 

(45) 

C. Evaluation of C6 

Now let us consider ways to calculate or estimate the 
V2lues of the exact formulas [Eqs. (32), (41"1, (42), and 
(45)]. Accurate theoretical or experimental values of 
a(B) and µ.(A) are often available, so that the C0(L, ind) 
are easily obtained for many systems. C0(0, dis) can be 
obtained accurately from experimental frequency-de-
pendent polarizability data using Pade approximants, •• 18 

Eq. (41), and 

c,(0, dis)= 3(2,rt1 I: a_.(iy)as(iy)dy, (46) 

where a,.(iy) is the average polarizabllity of molecule 
A at the imaginary frequency iy. If the frequency de-
pendence of the polarizabllity anisotropy is known, then 
C1 (2,dls) can be obt:iined the s::r.:.eway. 17 However. if the 
po!arizab!lity anisotr,,.,py K of A is known at only on~ fre-
quency, then, as we have shown elsewhere, 2 reasonably 
good bounds on c, (2, dis) can often still be obtained from 

C1(2, dis) =a1C0(C, dis), 

where ..,_ __ .. 

(47) 

( 1/l 1/t)/( .J/ • 2 3/ •) a. -a. "" + a1 :$a1 ;S1<=(a,-a1 )/(a.,+2a1 ), 

(48) 
and a, and a 1 are the parallel and perpendicular polar-
izabillties of A, respectively. 

Evaluation of Eq. (45) to get D 1 appears to be much 
more difficult. One might think of relating it to the 
similar parts of C0(2, dis) but, in contrast to 1: states, 
fo'. #/~ In Eq. (42), and it should also be noted that the 
contrihutions of the excited 1:· and 1:· states in Eq. (45) 
have opposite sigm:. About all that can be said at the 
moment is that D6 should be small compared to c.co, 
dis). The only experiments•·• that we know of, that 
do not involve the 11 = 0 a.'ld 11 = 1 stat~s in equal numhers 
and give averages in which all information about D 6 can-
cels out, require detailed a:1alysis of collisions and will 
be discussed in a future paper. 1 It is now possible 
(but not easy) to obtain D 0 from accurate ab i>litio cal-
culations, and such calculations arc to lie encouraged. 
The equivalent calculations for inter3.dio!ls of P-st.1.t'.? 
atams have been carried out for so:-r.c ?-,,'Steins, amt in 
the next section we use atomic resui!~ to get a rough 
estimate of D, for KO Interactions. 

Ill. CALCULATIONS AND RESULTS 

The van der Waals coefficients of the previous sec-
tior. are functions of the internuclear distanN, of the 

molecule. However, since we use experimental data in 
the present calculations, the results represent an 
average over the ground state vibration of the molecule. 

Using the experimental dipole moment11 of NO, µ.(NO) 
=-0.158 D= - 0, 062 a.u. and the sum rules S(- 2) = a(B) 
of Langhoff and Karplus, 5• 11 we obtain the values of 
C0(L, ind) shown In Table n . 

The frequency-dependent polarizabllity was obtained 
from refractive index data using the Lorenz-Lorentz 
equation, 10 

- 3 (tf-1) a(w)= 411n (49) 

where '1 is the refractive index at frequency w, and n 
is the number density of molecules. The Benedict-
Webb-Rubin equation of state21 for NO gives 3/ 4mz 
= 60 035 at STP. Refractive index values were found at 
22 visible and ultraviolet wavelengths ranging trom 224. 7 
to 670. 9 run. •2.•3 No infrared data were found; how-
ever, only the electronic (essentially the uy) part of 
a(w) goes into Eq. (46i, and NO has a small dipole mo-
ment, so Uiat it is cle:i.r from our work"' on CO that the 
Ir spechum of NO contriuutes negligiblv to the avail-
able a(w). A rough value of the zero frequency polar-
izab!lity of NO, a(0) = 11. 70± 0. 27 at was obtained 
from ava '!able dielectric constant data25 and the Claus-
ius-Mosotti equation'•; il is consistent with the value 
of a(0)=S(-2) obtained below hul not accurate enough 
to add any ir.forrr:atior_ 

Because there Is rnur.h less data ava j !able in this 
case than there was for co"' or CO2, 1• nothing could be 
gained by using the finite l.inewidth f'Jrmulas employed 
there, and the Lan:;hof!-Karp!us5 procedure was fol-
lowed directly. Briefly sammarized, the frequency-de-
pendent polarizability, 

a(wl=L•~ 
., «E.,-w ' 

(50) 

is expanded in the Cauchy series, 

a(w)= L S(-2k-2l•P, (51) • 
and the sum rules S(j) are determined by fitting the ex-
perimental data. Then, these sum rule.;; are used to 
construct upper and lr,wer bounding Pac!e approx.imants 
to .i"(w) which can be put in the form of Eq. (So·, ,-,.ith a 
finite sum, and used in Eq. (46) to obt::\!1 bounds to 
c.r.o, dis). In fitting the limited available c!at;, with 
Eq. (51), !i·:e c:,efficient3 were kept ar,d determined by 
an iterative procedure in which the first three coef-
ficients were obtained from a linear least-squares 
method and S(-8) and S(-10) were determined bv a 
nonlinear method26 which asscred satisfact,on of· the 
Sfieltjes constraints. 5 The resultini:: sum rules, whi.:h 
fit lhe data with a standard de,·iation of O. 0066 a1, are 
in Table I. The S(O) in this table was obtained from the 
Reiche-Thomas-Kuhn" theorem. T c: ottain r e~~so nable 
uncertainty limits for the S(j), wh;ch reflecl the effects 
of omitting the higher terms in Ee;. (51), S(-10) (which 
Is not needed in the [2, I j Pade arproximants used) was 
varied within the ran!,'.e a!lowE'd by the Stielt,ies ccn-
stratntS and the induced fluctuations in the S(j) were 
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TABLE L Oscillator atrellllb euma for 
NO. Hartree atomic units. 

sw 
0 15. 0000 

-2 11.518+0.013 
-4 39. 05,i,0.22 
-6 246"'12 
-8 (4.19*0.lO)xlo' 

-10 (l. 0 *0.11 x10• 

found. Because of the limited data available, these 
S(j) are considerably less accurate than those obtained 
recently for other molecules. 1'-'-' 

The C,(0, dis) for the interaction of NO with a number 
of partners (using the s:un rules of Refs. 5, 16, and 
24) are in Table U. The values given are the means of 
the best Pade bounds, but the error hounds have been 
extended to include the effects of the uncertainties in 

the sum rules. 
Using the experimental valueZT of the polarizabllity 

anisotropy of NO, K=0. 161 1, and Eq. (48 ). we obtain 

O. =0.141 ±0. 021, 

and use tbi.3 and Eq. (47) to generate the C6(2, dis\ 
shov..n in Table n. 

(52) 

To get a rough est. mate of D, we note that the con-
tribution to s8 in Eq. (45) of close~ shells is a lways 
zero, and all the ~toms in Table IT are either ciOH ~d 
shell or have ope s-type electron outside a closed s hell, 
!!O that s8 =0. Also, since all the !cw-ly ing excited 
states" of NO that occu:- in Eq. (45) are i: · states 
(s. = O), we expect D, to be pos itive and from Eq. (36) 
c, for the +(o-=0) stale to be larger than that of tile 
-'state. This is consistent with the observation that the 
electronic structure of NO is bas ically that of closed-
shell N2 ( 1:!:;) plus one extra electron in a " orbital. The 
- state corresponds to air, orbital (see Fig. 1), and the 

+ state to a -., orbital whicb sticks out in the plane or the 
atom and is more str mgly polarized by it. This Inter-
pretation in terms or orbital directions also predicts 
correctly the relative values of all the l: - and n-state 
polarizabilities calculated for P-state atoms by Stevens 
•nd Billingsley. zo AssumiDg that NO i s like the O atom, 
that is, that the ratio of the two c, coelticit?nts In the 
direction perpendicular to lbe NO axis is equal to the 
rati<> of O polarizabilities,., we have 

c;(dis, e = -. / 2) " a 0(Il) _ o. 66 
Ci(dis, 8=,r/ 2) a 0(::!:) -0. 74 • 

Letting D, = 6C1(0, dis) and -..sing Eq. (36) we have 

l-½a.-30 _0.66 
l-½a.+36 -0.74' 

and with Eq. (52) we have 

6=0.0113±0.010, 

(53) 

(54) 

(55) 

which was used to generale the last column of Table II. 
The uncertainty in Eq. (55) is a gues stimate based on 
the followinc: the polarinbility of NO is nearer that of 
C than O; uEe ol the ratio" for C would give O =0. 035. 
But NO has more elect.rum: than 0, so that chang ini; the 
direction of one elect.-on siloald have a propo r tionately 
smaller effect and give a smaller Othan that from O. This 
uncertainty makes it cleart.'lat the present rough esti-
mate of D, is r.-iostly an illustrative example ca lculation. 

IV. CONCLUSION 

A. Spin~rbit effects 

ln the preceding sec=ior.s we r.ave assumed a com-
pletely r.onrelativistic model with S!)in a nd orbi tal angu-
lar momentum compl.?tely wicr,ur,led. For 1n mcle-
cules interacting with 1S at.oms thi s is adeq•1?. te. How-
ever, NO is a 211-state molecu le wi th spin-orbi t !!plit -
t!ng constant,. .A= 124. 2 cm-• = 5. 66 x 1•14 a. u . For the 
interaction of NO with the 1S atc rr.s in Table ll, the r-
dependent relatfristic correctior.s a re ne;:ligible , 30 so 

TABLE n. Contributions to the ,·an de r Waals c, coeffici ents for the iateractioa of KO <' n> with 
se veral partners. The s.~le-riepeod~nt terms 3re omitted for the moleculn.r partners as the 
formulas in the paper are not appropriate for th t?m. Hartree atomic units {e2~). 

c,<o. indl 
Partner = C0(2, ir.d) C1(0 , disl C5 (2 0 dis) c,<o, tot) c,<~. tot) D, 
He o. 00535 9.8 ±1.3 1.41 ±0.39 9. 8±1.3 1.41'· 0. 39 0.18 +0.11 
Ne o. 0103 21.0±3.6 3. 00 , o. 95 21.0±3. G 3. 01 • 0. 95 o. 36 :0 . .2;; 
Ar 0. 0429 69 : 10 9.9±i.9 69 ±10 9. S • 2. 9 l . 24 • 0. 79 
Kr o. 0647 98sl5 14.0:4. 3 98 :15 14. t ±4. 3 l . 8 1 1.l 
Xe 0.106 170 .t 31 24. 3 = 6. 0 170 ±31 24. 4 • 8. 0 3.1 2. 0 
H o. 0174 20.2 ±1. 4 2. 89 • O. 63 20.2sl.4 2 . 91 • o. 63 0.36 • 1l. 21 
LI 0.633 177. 8 :i: 4 . 6 25.4 • 4.4 l 7S.4 j, 4 . 6 26.1 ± 4.4 3 .2 t:t.! 
Na 0.647 217 ± 16 31 . 1:6. 9 21 S • 16 31. 7 ; s. 3. 9 ~ 2. 3 
K 1 . 11 321 ±25 16 :10 322 :t 25 47 %1 0 5. 8 • 3. 5 
Rb 1.22 364:30 52 : 12 365 ± 30 53 ± 12 6. o • 3. !I 
C& 1. 38 314 ±16 44.8•8 . 9 Sl5 ±1£ 46. 2 i8. 9 5.7 ±3.3 
u, 28.2 •2.4 
Ni 71.l-s.9.~ 
0, SS.2±4.9 
COz 113 ±14 
00 78"12 
NO b9 ±13 
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that all that need be added is the spin-orbit splitting 
of tbe NO. This can he done by using the phenomeno-
logical Har:ii !toniau, 

H~R.+AL,,!t.)S.(A), (56) 

l'18tead of E(l. (5). The two terms in this Hare not 
•imult.a.neou.!lly diagonable, so that if we ase the eigen-
functions ?( H, obtained in the previous sections (de-
noted by I a, 0)" I a, ill., 0) =I±, M., O) with eigenvalues 
E ') as a basis, .1 two by two secular equation results 
(only 2 x 2 as M, sblys a good quamum number here) 
which has the siln!)le form 

AM, l=o. (57) 
E--E I 

This has the eigenvalues 

E =(E· + s-)12 ±{[(s· - s-l/2]2 ... (A/2)2}11z. (58l 
For smail r with 9 r.ot near O or ,r the £' - s- term 
dominates and the r,resent basis is a;ipr,;,priate. For large 
r or 9 near O or -:r and the LS coupling doniinates ar:d 
the appro:,riate basis is the set I A, J1., 0), which de-
scribes t;..,, zn,, 2 and •n,12 states. In the present ex-
amples, the spin-orbit coupli,,g dominates in most o! 
the van :ler Waals regi-:>n, and the approp:·iace poten-
tials ue easily generated usin2; Ecr. (Se). 

The above. _1proach can also bt- used for the interac-
tion of ~0(2 0) with the !S-state atoms of Ta:,1e II unless 
very high accuracy is desired in which case one would 
need to include the small (~0. 05 cm-1) magnetic dipole-
dipole interaction. •• 

B. Oi5Ctlssion 

In this paper we have .-igorously shown that the ,-an 
der WaaL; poter.tial between a II-state molecule and an 
S-state atom does have th~ associated Legendre poly-
nomial dependence whlch others have asswned' or ar-
gued' that it should have. The accuracy of the present 
c,(o, dis) fo:- NO ince,· actio::1.S is the best obtainable 
ut<ing the present data; other methods17 would give the 
same results from the same data. However, it might 
be possible to obtain iI!lproved accuracy by using the 
method 'lf Starksculi and Gordon" which allows one to 
also use other types of data. A bet\er determination er 
th!! new D, coefficients than the present roui:h estim'ite 
is likely to be difficult experimentally and l:>est accom-
plished hy accurate ab initio calculations. 
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ABSTRACT 

The angle, distance and vibration dependence of the Ar-CO 
intermolecular potential is calculated using the electron gas model to 
obtain the short range interaction which is smoothly joiried onto the 
long range van der Waals tail which is obtained from accurate c6, c1, 
and c8 coefficients. Our calculated second interaction virial coeffi-
cients are compared with experiment and with a simple adjustment of the 
Ar-CO potential an excellent agreement is obtained. Our spherically 
averaged potential is tlso in excellent agreement with a spherical 
potential inferred from high energy scattering data. 

Simplified expressions for the scattering amplitude and 
differential cross section are obtained in the infinite order sudden 
approximation. Then, treating the rotations and vibrations in .the 
infinite order sudden and cfose coupling approximations respectively, 
vibrational transition probabilities and relaxation rates are calculated 
using the Ar-CO intermolecular potential. Our calculated vibrational 
relaxation rates aTe ·much smaller than the experimental values. 
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