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IX. APPENDIX A: THEORETICAL INTENSITY 

PROGRAM FOR ELECTRON DIFFRACTION OF GASES 

A. Mathematical Method 

This program evaluates the functions 

-Aj TT2q2/200 
M(q) — ZL (Zi-Fi(q) HZ^-F^q) )e sin 211 qrjj/ 

i3 20 

(Zk-Fk(cl))2 + S%(q)j TTqrij/10 

and 

/ -/ij lï q /200 2 
M(q)c = ̂  Zj^Zje sin 2IIqrij/Z. (Zk +Zk)TTqr^/lO 

lj — k 

Here the F(q) terms are the X-ray atom form factors for co

herent scattering, and the S(q) terms are the X-ray atom form 

factors for incoherent scattering. The Z's are the atomic 

numbers of the atoms involved, and the prime on the summation 

indicates that terms for which i= j are not included. It 

should be noted that jj is the root-mean-square amplitude 

of vibration and r^j is the internuclear separation for the 

jLjth atom pair. Also, q is the scattering variable defined 

as j+O sin (0/2)/A where A is the wave length of the in

cident beam and 9 is the scattering angle. 

The form factors are obtained from a stored table, and 

the functions are computed from the Hasting's approximations 
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-i,iin2q2/200 2 9 P 2 
e J = /2ïï//b0+x (bg+x (b^+x (b^+xbg)))J 

where x = /±J. TT q/10, bQ=2.5H26l, b2=l.172801, b^=.lt-9l|.6l8, 

b^= -.063I4.I7, and bg= .029i|.6l; and 

sin (Tï/2) (qr^ j/5) = x/c'1+x2( c^+c^x2) J7 

where x=qrij/5, c^l.5706268, Cy= -»6i}.32292, and c^=.0727102. 

As output data, both M(q) and M(q)c are obtained as well 

as M(q)c-M(q) and <^/~(Zk-Fk(q) )2+Sk(q)_7/q. This last 

qûantity is proportional to the theoretical background after 

the intensity has been modified by a q3 sector and is useful 

as a guide in drawing the theoretical background. The quan

tity M(q)c-M(q) may be added to the experimental M(q) curve 

to correct the data to pure nuclear scattering. 

B. Range and Accuracy 

This program used fixed decimal arithmetic and allows 

for five significant figures in all calculations. The func

tion M(q) may be computed to q=100 while M(q)c may be 

computed to q=200 or larger if desired. It should be noted 

that there are no restrictions on the size of the r^j terms, 

butj must be less than ,i|.72A0. 
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C. Storage 

There are five hundred words of storage for the F(q) 

values and five hundred words of storage for the S(q) values. 

The F( q) and S(q) values are stored in order of increasing 

atomic number : Fj(q) in 0-99, S^Cq) in 500-599» in 

100-199, Sg(q) in 600-699» etc. (The form factors re

ferring to the atom with the smallest atomic number are 

stored in O-99, and the code number used for the initial 

value of Fj(q) is one. The code number for the initial value 

of Fg(q) is two, etc.) These code numbers are used on the 

detail cards (see input-output) to indicate the initial 

storage locations of the F^(q) and Fj(q) values. The initial 

storage locations of the S^(q) and Sj(q) values are deter

mined in the program from the value given for the location 

of the F^(q) and Fj(q) values. 

D. Speed 

The program, on the average, takes sixty-nine seconds to 

compute one term of the primed summations for one hundred 

values of q. For a molecule with fifteen distances, the 

program takes seventeen and one-half minutes to complete the 

calculation for one hundred q values. 

E. Equipment 

The basic I.B.M. 650 digital computer with no special 
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attachments and two thousand words of drum storage is re

quired. 

P. Error Checks 

There are no built-in error checks. A plot of the func

tion will generally reveal any serious machine error. 

G. Input-Output 

The format of input and output cards is discussed in de

tail under "Detailed Operating InstructionsInput consists 

of one control card indicating the number of terms in the 

primed and unprimed summations plus the atomic number and 

multiplicity of each kind of atom present in the molecule. 

After this control card, there follows one detail card for 

each primed sum term. Each of these cards contains the ̂ ^ j 

and r^j values for the term as well as the locations of the 

initial F^(q) and Fj(q) values. The detail card also has 2^, 

Zj, and the multiplicity of the term (e.g. the number of times 

the ijth and j-th atom pairs occur in the molecule). The out

put cards have M(q)c, M(q), M(q)c-M(q), q, and 

/CZk-Fk(q))2+Sk(qi7/q for two different values of q on 

each card. 
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H. Detailed Operating Instructions 

Card formats 

( 1) Control Card Format 

Word Information 

1 No. of atoms of atomic no. Z^; 
atomic no. Z^ 

Decimal Form 

ooxxx ooxxx 

2 No. of atoms of atomic no. Z^; ooxxx ooxxx 

3 

k 

5 

6 

7 

atomic no. Z^ 

No. of atoms of atomic no. Z 
atomic no. Z, 

i> 

No. of atoms of atomic no. Z^; 
atomic no. Z^ 

No. of atoms of atomic no. Z 
atomic no. Z^ 

No. of atoms of differing 
atomic numbers 

No. of different distances 
in the molecule 

i > 

ooxxx ooxxx 

ooxxx ooxxx 

ooxxx ooxxx 

ooooo oooox 

ooooo oooxx 

(2) Detail Card Format 

Word Information Decimal Form 

r. 

Notes 

Should 
be in 
order of 
increas
ing 
atomic 
number. 

Limit 
of 5 

Limit 
of 15 

1 

2 

3 

it-

5 

6 

7 

value ij 

j value 

Code no. of F^(s) 

Code no. Fj(s) 

Z^, atomic no. 

Zj, atomic no. 

Mj[j, the multipli

city of the ijth 
atom pair 

oooooxx.xxx 

o.xxxoooooo 

oooxoooooo 

oooxoooooo 

ooxxx.ooooo 

ooxxx.ooooo 

Notes 

No restrictions 

Max. limit of 0.1|_72 

1-5 (Note that F 
values are stored in 
order of increasing Z) 
See Storage. 

No restriction 

No restriction 

oooooooooxx No restriction 
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(3) Output Card Format 

Word Information Decimal Form 

1 M(qi)c ox.xxxxxxxx 

2 M(q2) ox.xxxxxxxx 

3 M(qi)c-M(qx) ox.xxxxxxxx 

Sl and £ I CZk-Pk(ql))2+Skt'1l)} XXX xx.xxxxx 

5 M(q2)c ox.xxxxxxxx 

6 M(q2) ox.xxxxxxxx 

7 M(q2)c-M(q2) ox.xxxxxxxx 

8 q2 and ̂  ̂ (Zk-Fk q̂2^ +sk q̂2^J XXX xx.xxxxx 

(!}.) Form Factor Card Format 

Word Information Decimal Form 

1 Location of F^(qj) or S^(qj) 2i|_ oxxx 1990 

2 F^q-j^ or S^(q^) oooxx.xxxxx 

3 Location of F^(q2) or Si(q2) 2)4. OXXX 1991 

k F±(q2) or S^(q2) 000 XX.XXXXX 

5 Location of Fj^(q^) or S^(q^) 2l+ OXXX 1992 

6 Pi(q^) or S±(q3) OOOXX.XXXXX 

7 Location of F^(qj^) or Sj_(q^) 2i|. OXXX 1993 

8 ^(q^) ^(%) OOOXX.XXXXX 

Note that it takes twenty-five cards for a table of coherent 

factors and twenty-five cards for a table of incoherent 

factors for each atom of different atomic number. 
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I. Operating Procedure 

The console is set at 70 1201 1Ç70. The overflow sense 

switch is set at sense, and all other switches are placed in 

position for normal operation. The first two cards of the 

program deck are drum clear cards, which set the entire 

contents of the drum to minus zeros. Of the last four cards 

of the program deck two are used and two are separated from 

the deck depending upon the range of q to be calculated. 

The cards marked q=100 and q=101 are retained at the end of 

the program deck if the theoretical curves are to be run out 

to q=100, and the cards marked q=200 and q=201 are retained 

if the curves are run out to q=200. The detail cards are 

placed after the complete program deck. The detail control 

card is first, followed by the detail cards for the primed 

summation terms. The program is written for continuous opera

tion so that as many decks or detail cards as desired may be 

run. One set of molecular intensity curves is calculated for 

each detail control card. If a detail control card is fed in 

without being followed by detail cards, the program will still 

compute the function 

Z ZTZk-Fk( q ) )2 -Sk( q)J/q. 

It should be noted that the deck of F(q) and S(q) values, 

which are part of the program deck, must be prepared from 

tables. The program requires one hundred values of F(q) at 
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integral q values and one hundred values of S(q) at 

integral q values for each different atom in the molecule. 

The control panel wiring is "straight in-straight out" 

and if a board is not available the I.B.M. 650 manual should 

be consulted for the wiring information. 

The detailed program instructions may be obtained from 

Dr. L. S. Bartell, Chemistry Department, Iowa State College, 

Ames, Iowa. 
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PLOW DIAGRAM OF THEORETICAL INTENSITY PROGRAM 

Start 

No 

Reset 
Routine 

Compute 

Vf <zk2+zk> 

Test for 
New q 
value 

No 

Test 
for 
Punch 

Yes 

Punch 

Test 
End of Gale, 

Yes 

No 

7 Rd Detail Cards 

Yes 

f 

Compute 

i/2:ZRZK-J?k(q))2 + 
k Sk(q)_7 

> r 
Computes 

Z,Z, and (Zt-F.,(q)) 
-L J X 

(Zj-Fj(q)) 

t 
Computes 

e-$i-j2TT2q2/200 sin 

2NQRÎ /QRI5/LO 

> r 
Sums 

M(q) and M(q)c 
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X. APPENDIX B: RADIAL DISTRIBUTION PROGRAM 

FOR ELECTRON DIFFRACTION OF GASES 

A. Description 

In the sector microphotometer method of electron diffrac

tion the rotating sector modifies the intensity of the scat

tered electrons received by the photographic plate in such a 

way as to level the precipitous fall off of intensity with 

scattering angle. This makes it possible to keep the 

exposure over the plate within the optimum range of response 

of the emulsion and thereby permits relative intensities of 

diffraction features to be measured objectively by micro-

photometry. 

The molecular scattering function is defined by the 

relation 

M(s) = (Ir/B) - 1 , 

where M(s) is the molecular scattering function, Ir is the 

experimentally measured intensity, and B is a background func

tion evenly cleaving the sinusoidal molecular features that 

must obey two restrictions : It must be smooth so that no 

false peaks in the radial distribution function are intro

duced by inversion of the B function, and it must be drawn so 

that the radial distribution function is nowhere negative. 

A radial distribution program was coded for the I.B.M. 

650 with modifications to aid in the determination of a B 
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function compatible with the restrictions. The program 

computes the Fourier integral 

f(r) = f max e bS sM(s) sin(sr)ds , 
J o c 

where, provided smax and b are sufficiently large 

1/2 2 
f (r ) = ( 2/TI) ( n/l6b ) (2> Z±Z Zk+Zk) 

ij 0 k 

~+ ̂ -1 , x -(r -Z3)2 
/* ij^ 'e d/» 

Here P±^p) is the probability function of the distribution 

of distances between the ith and j**1 atoms, the Z ' s are the 

atomic numbers of the atoms, and s is the scattering 

variable 

s = (lj.1T/A ) sin (6/2) 

where X is the electron wavelength and 0 is the scattering 

angle. 

When experimental data are obtained only over the range 

s=3 to s=30, it is advantageous to use a damping function to 

minimize series termination errors and to use theoretical 

M(s)c values from s=0 to s=3. The theoretical values are 

calculated from the well known equation 

t 2 i2s2/2 
M(s)c = (2E, ZjZj/gT, Zk+Zk)e 3 sin sr^/sr^ j 
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and a damping factor is inserted into the integral expression 

such that 

s = 30. In the program allowance is made for use of an 

arbitrarily chosen damping factor in order to weight the ex

perimental intensities in the best possible manner. An 

arbitrary number of theoretical M(s)c values may also be 

chosen. This makes it possible to invert a complete theoret

ical model, which can sometimes be a help in interpretation 

of radial distribution functions. 

The program uses Ir and B values to compute M(s), 

which is the experimental molecular scattering function 

arising from screened nuclear scattering. M(s) must be cor

rected to the pure nuclear scattering function, M(s)c. This 

is done by adding to M(s) the theoretically computed correc

tion function 

o 
ds 

where b is a constant determined so that e = 0.1, when 

M(s)c - M(s) 

( e 
- £ A  S 2 / 2  

sin srij/srij) 

where F^( s) is the coherent X-ray atom form factor of the j**1 
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atom and Sk(s) is the incoherent X-ray atom form factor of 

the k 1̂ atom. 

As an aid in choosing the best background function, the 

program takes f(r) values from r=0 to any arbitrarily selected 

distance, r^, up to 2.5 A° and performs a Fourier inversion 

on them. The Fourier integral for this case is 

where r^ is chosen to be at smaller r than the first molec

ular feature appearing in the f(r) function. Inversion of 

f(r) values out to this feature indicates what changes in the 

background are necessary to smooth the base line of the 

initial part of the f(r) curve. If a smooth curve is drawn 

through the indicated changes, it is often observed that im

provements occur also in other parts of the f(r) function. 

A negative region at large values of r in the f(r) 

function can generally be removed by changes in the index of 

resolution of the theoretical data. In the program an 

assumed index of resolution is multiplied by the theoretical 

M(s)c that is used at small scattering values and also by the 

correction applied to M(s) to reduce it to pure nuclear 

scattering. This index of resolution is varied until an ac

ceptable f(r) function is obtained. 

If data are obtained at two different distances, there 

is then the additional problem of what to do about over

o 
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lapping data. In the present program no attempt is made to 

weight the overlapping data. Instead, the data from one 

distance are used to the center of the overlap region, and 

from here, the data from the other distance are used. This 

is justifiable since the B function is essentially 

arbitrary over the first few s values and the last few s 

values for any distance. The question of differing indices 

of resolution for different camera distances is left until 

later refinement. 

Since the data and background, even using current tech

niques, are essentially arbitrary out to s=5, the reliability 

of any molecular parameters at large distances must be tested. 

To do this, the M(s)c values out to s=5 are inverted, and the 

features at large distances in this inversion are compared to 

the molecular features to determine the sensitivity of 

derived features to arbitrary choices made in M(s)c at small 

s. 

The advantage in using the radial distribution method 

over the correlation method is that an f(r) function with a 

noise level of about of the maximum value of the function 

can be obtained in four iterations. For a molecule with a 

largest distance of about 6A°, this takes approximately three 

fourths of an hour of machine time. In comparison, the time 

needed to obtain one theoretical model for the correlation 

method for a molecule with fifteen distances is twenty minutes 
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of machine time. 

As an added advantage, the program can be made to give 

the M(s) and M( s ) c values whenever they are desired. 

B. Mathematical Method 

The program approximates the Fourier integral 

eti 

f(r) = J sM(s) sin (sr) ds 
o 

by the sum 

2 N 
f(r) = IT /100 ̂  q M(q)sin (2îï qr/20) Aq 

q=i 

where s=TIq/lO and A q=l. The function f (r) is evaluated at 

.05A° intervals from zero to 10A°. Since f(r) is periodic 

with a wave length of 20A°, it is not possible to go further 

than 10A°. 

For the computation of f(r) the argument of the sine is 

rewritten in the form 2TT n( .0025) where n is any integer. 

It should be noted that r can be written as n( .05) where n 

is an integer; and since q is also an integer, the product 

qn is also an integer. The sums involved in the integral ap

proximation are written out to the first few terms below: 

f( .05)=n/50(M(l)sin 2TT/f.002517+ 2M( 2 ) sin 2Tï/2( .002517 

+3M(3)sin 2Tl/3( .002517 +* * ') 

f( .10)=TT/50(M(l)sin 2TT/2( .002517+ 2M(2)sin 2TT^( .002517 

+ 3M(3) sin 2IT /E{ .002517+* ' • ) 
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f(.l5)= ïï/50(M(l)sin 2n/3(  .002517+ 2M(2) sin 2IT/5( .0025J_7 

+ 3M(3) sin 2TT/9(-0025J7+• « 

The complete calculation is represented in matrix nota

tion as 

where the sine matrix is completely characterized by the value 

of n in the sine argument. 

It is faster to compute the sums one term at a time 

rather than one f(r) value at a time. This is done by 

computing an M(q)c value and then multiplying it by the proper 

set of s3 js, adding each answer to its proper f(r) summation. 

To do this, the program uses a sine table evaluated at 2T7 

( .0025) radian intervals from zero to 2IT. Thus the first 

intensity is multiplied by successive sine values starting at 

the first; the second intensity is multiplied by two and then 

every other sine value starting at the second. This process 

is continued until all the sums are evaluated. When a value 

of the sine goes out of the zero to 2IT limit, the program 

f(r) = AqM(q) 

or 

1 2 3 if- 5 6 . 
2 k 6 8 10 12 . 
3 6 9 12 15 18 . 
k 8 12 16 20 2k . 
5 io 15 20 25 30 . 
6 12 18 2k 30 36 . 
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senses this and reduces the sine to its proper value in the 

table. 

C. Range and Accuracy 

All of the computation is performed in fixed decimal 

form. Decimal points on input and output data are given in 

the discussion of operating instructions. 

If a theoretical M(s)c function for a diatomic molecule 

is inverted by this program, the center of the resultant f(r) 

peak is accurate to better than one part per ten thousand. 

The sine table is exact to about six decimal places but is 

smooth to eight. 

To test the error in the integration, a finer subdivision 

than q = 1 was chosen using experimental intensity data 

for ethylene. When a value of 1/2 was used for /\q the 

resultant values of the f(r) function deviated by no more 

than 0.3% from the corresponding values for the = 1 

integration. In this process it was found that corresponding 

peak maxima in the two f(r) functions differed by no more 

than three ten thousandths of an angstrom. 

D. Storage 

Storage space is available for two hundred f(r) values 

(10 A°), two hundred B values, fifty f(r) values for reinver-

sion up to 2.5A°, and one hundred modification function 
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values• Some additional storage space at scattered addresses 

on the drum is available for modifications. 

E. Speed 

The program takes about thirteen seconds per M(q) value 

when evaluating the f(r) function to 10A°. The total times to 

compute f(r) functions out to various r values are eight 

minutes for 3.20A°, eleven minutes for 5«2A°, seventeen 

minutes for 8.00A°, and twenty three minutes for 10.00A°. 

P. Equipment 

A standard IBM 650 computer with a two thousand word 

magnetic drum is required. No special accessories are needed. 

G-. Error Checks 

There are no programmed error checks, but any mistake of 

a serious nature would probably show up as an undamped sine 

function running through the f(r) function. 

H. Input-Output 

Input consists of one special card indicating the number 

of r values at which the f(r) function is to be evaluated, 

the number of theoretical M(q)c values to be grafted onto the 

experimental data, the total number of M(q)c values used, the 

index of resolution, the number of f(r) values between the 
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origin and the beginning of the first molecular feature, and 

the number of background values to be modified. Each remain

ing input card contains q - the scattering variable, B - the 

background value (or 1.00000 if M(q)c is a theoretical value), 

2 
a modification function - usually of the form e " ( or 

unity if no modification function is used),(M(q)c - M(q)) -

the constant coefficient correction (or left blank for 

M(q)c theoretical values), and either the M(q)c theoretical 

value or the experimental I(sector) value• 

The radial distribution output cards have eight r and 

eight f(r) values per card, and the new background cards have 

eight q and eight B values per card. 

If there are two control cards in the program deck that 

are optional. If they are put on the back of the program 

deck, the M(q)c and M(q) values are punched out, one of each 

per answer card. The punching out of M(q)c and M(q) does not 

take additional time, but these values are not particularly 

useful until the f(r) function is reasonably good. 

I. Detailed Operating Instructions 

1. Input cards 

The first detail card is punched as follows : 
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Word Information Decimal Form Notes 

1 No. of r values 

2 No. of M(q) values 

3 No. of theoretical M(q) 
values 

1+ % resolution 

5 No. of f(r) values to 
reinvert 

6 No. of background 

values 

oooxxxoooo 

oooooooxxx 

oooooooxxx 

oooooox,xxx 

ooooooooxx 

oooooooxxx 

Multiple of 8 

No restriction 

No restriction 

0 - 100 

0 - 5 0  

Multiple of 8 

For each M(q) value a detail card must be made as 

follows : 

Word 

1 

2 

5 

6 

8 

or 

8 

Information 

q, scattering variable 

B, background values 

2 
e~ * q , modification 

function 

M(q) - M(q), constant 

coefficient correction 

M(q)T, theoretical 

intensity data 

I, experimental 
intensity 

Decimal Form 

oooooooxxx 

OOOXX.XXXXX 

ox.xxxxxxxx 

x.xxxxxoooo 

Notes 

Integral values 

5 decimal places 

x.xxxxooooo Arbitrary 

From theoret, 

model 

From theoret, 

model 

oooxx.xxxxx 5 decimal places 

2. Output cards 

There are three types of output cards : the output of 

the radial distribution function, the output of the new back-
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ground, and the M(q)c and M(q) values. Formats for these are 

listed below. 

(1) Radial Distribution Output 

Word 

1 

Information 

r%, f(rx) 
r 
x.xx 

Decimal Form 
f(r) 

xx.xxxxx 

2 r2,f(r2) x.xx xx.xxxxx 

3 Ty f(r^) x.xx xx.xxxxx 

k Tbf f(r^) x.xx xx.xxxxx 

5 r5' f (r^) x.xx xx.xxxxx 

6 f(r6) x.xx xx.xxxxx 

7 r7, f(r7) x.xx xx.xxxxx 

8 VQ> f(i*8) x.xx xx.xxxxx 

(2) New Background Output 

Word Information 
q 

Decimal Form 
B(q) 

1 qi, B(q%) XXX xx.xxxxx 

2 q2» B( q2 ) XXX xx.xxxxx 

3 q3, B(q^) XXX xx.xxxxx 

k qj^.» 8(94.) XXX xx.xxxxx 

5 q5, B(q5) XXX xx.xxxxx 

6 B(qô) XXX xx.xxxxx 

7 q
7, B(q?) XXX xx.xxxxx 

8 qs> B(qg) XXX xx.xxxxx 
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(3) M(q)c and M(q) Output 

Word Information Decimal Form 

1 

2 

M(q)c 

M(q) x.xxxxxxxxx 

X.xxxxxxxxx 

J. Operating Procedure 

The console is set at fO 1201 1951. Sense switches are 

set at stop, and other switches are at normal operating 

positions. The first two cards in the program deck are drum 

clear cards that clear the entire drum to minus zeros. The 

last two cards of the program deck determine whether or not 

the M(q) and M(q)c values are to be punched out. Following 

this, is the first detail card, which is the control card. 

The detail cards for the intensities follow next. It should 

be noted that any number of decks of detail cards, each 

preceded by its own control card, may be placed in the card 

feed hopper. This is possible since the program, on finish

ing one calculation, resets itself ; and if there are cards in 

the feed hopper, it will start a new calculation. When the 

last card has been calculated, "end of file" is depressed. 

The computer will stop with the input-output light on. The 

control panel wiring is the so called "Straight in-straight 

out" wiring, and if a "straight in-straight out" board is not 

available, the IBM 650 manual for wiring instructions should 

be consulted. 
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The detailed program instructions may be obtained from 

Dr. L. S. Bartell, Chemistry Department, Iowa State College, 

Ames, Iowa. 

FLOW DIAGRAM OF RADIAL DISTRIBUTION 
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XI. APPENDIX G: REFINED ARBITRARY 

SECTION PROGRAM FOR THE RADIAL DISTRIBUTION FUNCTION 

A. Mathematical Method 

This program is essentially the same as the one des

cribed in Appendix B in the way that the calculation of the 

f(r) function is set up. It differs in that the f(r) func

tion may be evaluated between arbitrary limits in the range 

r=o to r=10 angstroms and is evaluated at finer intervals 

than in the previous program. The f(r) function is normally 

evaluated by this program at .025 angstrom intervals. To do 

this, the same input data that are used in the regular radial 

distribution program are used as input data in this program 

except that a new detail control card must be made. 

If it is desired to approximate the integration by a 

summation with q smaller than one, the M(q) experimental 

curve may be read at half q intervals and the f(r) function 

started at .05 angstroms or a multiple of .05 angstroms. In 

this way the f(r) function is evaluated only at .05 angstrom 

intervals but uses twice as many values of M(q). This change 

in the choice of q also allows the f(r) function to be 

evaluated out to 20 angstroms. It should be noted, however, 

that this f(r) function must be divided by four to be placed 

on an absolute scale. 

The f(r) values obtained by the above scheme with experi
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mental data for ethylene agreed with f(r) values obtained 

from the regular program within 0.3 per cent in absolute 

value. Also the maxima of f(r) peaks computed by the two 

methods of integration agreed to three ten thousands 

of an angstrom unit. A more rigorous test of the approxi

mations of the integral by the summations would involve the 

use of synthetic intensity data. 

For a detailed discussion of the mathematical method 

the reader is referred to Appendix B. The arbitrary section 

program differs from the one cited only in that it does not 

have a background modification and it uses a sine table of 

eight hundred values rather than four hundred values. 

B. Range and Accuracy 

All the computation is performed in fixed decimal form. 

Decimal points on input and output data are given in the 

discussion on operating instructions. 

The sine values used in this program were calculated 

using the Bell Lab interpretive routine and are accurate to 

eight places. The f(r) function calculated with A q equal 

to one has the same errors as the f(r) function calculated 

in the normal radial distribution function. Also the func

tion f(r) may be calculated over any region from zero to ten 

or zero to twenty angstroms depending on whether A q is one 
or one half. 
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C. Storage 

There is sufficient storage space to evaluate f(r) over 

the complete zero to ten or zero to twenty angstrom range. 

There is also some additional unused storage space for 

modifications. 

D. Speed 

The program takes about ten minutes to evaluate the f(r) 

function over a three angstrom section. 

E. Equipment 

A standard IBM 650 computer with a two thousand word 

magnetic drum is required. No special accessories are neces

sary. 

F. Error Checks 

There are no programmed error checks, but any mistake of 

a serious nature would probably show up as an undamped sine 

function running through the f(r) function. 

G. Input-Output 

Input consists of one special control card followed by a 

detail card for each M(q) value. 

The output cards have eight r and eight f(r) values 

per card. A detailed account of input and output cards 
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H. Detailed Operating Instructions 

The first detail card is punched as follows: 

Word Information Decimal Form Notes 

1 Initial r value 

2 Number of M(q) values 

3 Number of r values 

If. Number of M(q)^ values 

5 Index of resolution 

x.xxooooooo Multiple of .025 

oooooooxxx No restriction 

ooxxxxoooo Multiple of 8 
added to 1399 

oooooooxxx No restriction 

oooooox.xxx 0-1.00 

For each M(q) value a detail card must be made as fol

lows: 

Word 

1 

2 

5 

Information Decimal Form Notes 

q, scattering variable 

B, background values 
- o<. q2 
e , modification 
function 

M(q)ç, - M(q), constant 
coefficient correction 

8 M(q)^,, theoretical 
intensity data 

oooooooxxx Integral values 

oooxx.xxxxx 5 decimal places 

x.xxxxooooo Arbitrary 

From theoret. 
ox.xxxxxxxx model 

From theoret. 
x.xxxxxoooo model 

or 

8 I, experimental intensity oooxx.xxxxx 5 decimal places 
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I. Output Cards 

The radial distribution output cards are as follows : 

Word Information Decimal Form 

1 rlt f(rx) r f(r) 

2 rg, f(rg) x.xxx x.xxxxx 

3 1*3» f(r^) x.xxx x.xxxxx 

I4- r|^, f(r^) x.xxx x.xxxxx 

5 r^, f(r^) x.xxx x.xxxxx 

6 r£, f(r^) x.xxx x.xxxxx 

7 ry, f(ry) x.xxx x.xxxxx 

8 rg, f(rg) x.xxx x.xxxxx 

J. Operating Procedure 

The console is set at 70 1201 0800. Sense switches 

are set at stop, and other switches are at normal operating 

positions. The program deck is followed by a control card 

and then the detail card deck. It should be noted that any 

number of decks of detail cards, each preceded by its own 

control card, may be placed in the card feed hopper. This is 

possible since the program, on finishing one calculation, 

resets itself; and if there are cards in the feed hopper, it 

will start a new calculation. When the last card has been 

calculated, "end of file" is depressed. The computer will 

stop with the input-output light on. The control panel wiring 

is the so called "straight in-straight out" wiring, and if a 
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"straight in-straight out" board is not available, the IBM 

650 manual for wiring instructions should be consulted. 

The detailed program instructions may be obtained from 

Dr. L. S. Barte11, Chemistry Department, Iowa State College, 

Ames, Iowa. 

Flow Diagram of Radial Distribution Program 

Punch Test for 

punch 

Inner 
Loop 

(Sine Look up) 

Reset 
Routine 

Outer 
Loop 

(Computes qM(q) ) 
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XII. APPENDIX D: ANALYSIS OF RADIAL DISTRIBUTION CURVES BY 

THE METHOD OF STEEPEST ASCENTS 

A. Description 

If the rough structure of a molecule is known, then the 

problem of analyzing the parts of the radial distribution 

curve which are independent of internal rotation, may be 

solved by finding the calculated radial distribution function 

which comes closest to matching the experimental one. One 

method of accomplishing this is to determine the parameters 

for a calculated function minimizing the sum of the squares of 

the differences between the experimental f(r)exp function and 

the calculated one at points close enough to characterize the 

shapes of both. The parameters, 9^, upon which the calculated 

f(r, 9j.)calc function depends are the Jl j_ j or root mean square 

amplitudes of vibration, the rjj or average internuclear dis

tances, and k, a scale factor relating the amplitude of the 

experimental f(r)^%.p function to that of the calculated 

f(r, )calc function. It will be assumed that the experi

mental f(r)eXp function can, in general, be characterized by 

a sum of Gaussian P^j(r) peaks. Often, it is possible to 

characterize the asymmetry of individual peaks from theoret

ical considerations and, accordingly, to make corrections and 

reduce them to Gaussian functions. It should be pointed out 

that the error in the Gaussian approximation is usually not 
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much greater than the uncertainty in the f(r)gXp function 

except for molecules in which internal rotations introduce 

conspicuous asymmetries. 

The problem may be stated mathematically as finding 

values of the 0^ for which the function 

Y<6V = -V2 2. <f(r)exp -f<r, e^^)2 

r 

has a maximum. The summation over r is taken in the present 

program of 0.025 angstrom intervals. Since Y(Q^) is a nega

tive definite quadratic form, it will have an absolute 

maximum. In practice, if there occur subsidiary maxima or 

minima, the possibility exists that the method will break 

down. It will be assumed for this discussion that Y( 6^) has 

no subsidiary maxima or minima sufficiently close to the 

desired extremum to cause confusion. 

If a set of estimated parameters, 9^ (i=l, ...N), are 

available for a given f(r)Qxp function that are within ten 

percent or so of the parameters giving the best fit, we may 

set up an iterative process for improving the initial 

estimates. Consider the set of estimated parameters, 
o 

9^ (i=l, •..N). A new set of parameters can be chosen such 

that 

0* = e° + X ° t (1=1, ...N) , 

where the X i are the components of the gradient of Y(9^) 
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evaluated at the guesses and t is an arbitrary parameter. 

It can be shown that, unless the initial guesses are correct, 

there exist values of t for which the function Y(0^) is 

larger than Y( 0^) and that, as long as there is only one 

maximum in the vicinity of the 9^ (i=l, » «.N), the values of 

t leading to greater. Y(d^) are always positive. The value 

of t leading to a maximum in Y( 9^) is approximately given 

by the equation 

N 

t = MQ( o)/jg ( X i ^ f(r> e±) / à Q± ) > 
r 1=1 1 ix 

where 

<(°> • ̂  A°i® 

To show this, f(]P, 0^) is expanded in a Taylor's series expan

sion to first powers in the parameter t so that 

N 

f(r, 0°i + X? t) = f (r, 9°i) + t ̂  A °i0 
1 i=l 

x ( à f(r, 0°j_) / ̂  9°i) 

This result is then substituted into the equation for Y(0"K ) 

and the value of t for which 

N 

Mq( t) = d/dt Y(0^) = \ °io \±1 = 0 

i—1 

is computed. The substitution 
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6i = ei° + X°io t (1=1, ...N) 

can be interpreted as a moire in the direction of steepest 

ascent in a hyperspace of N+l dimensions from the point 0^° 

(i=l, .•.N) on the line 

Y(0±) = Y(9?) 

to the point 0^ (i=l, ...N) on the line 

Y(©i) = -1/2 ̂  (f(r)exp-f(r, ©i)caic^2 • 

We can now set up an iterative procedure for finding the 

maximum by generalizing the above equations to 

N 

YC©/1*1) = Y(0?) + RL(O)2/2 ^ (25! X °, à f(r,0,*) 
x r i=l in 1 

/  à 9^) 2  

n+l n \ o 
and = 0, + t , 

xn 

where N 

Mn<°) = ̂  X°i„2 -
i=l 

This generalization corresponds to moving in the direction of 

steepest ascent on the surface Y(0^) from the point 0° 

(i=l, ...N) on the line determined by 

Y{9±) = Y(0°) (i=l, ...N) 
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i 
to the point 0j_ (i=l, . ..N) on the line determined by 

Y(9±) = Y(9^) (1=1, ...N) . 

Then, the next step is to move from the point 9^ (i=l, . ..N) 

on the line determined by 

Y(9±) = Y(6^) (i=l, ...N) 

along the surface Y(9^) in the direction of steepest ascent 

to the point 0^ (i=l, . ..N) on the line determined by 

Y(9±) = Y(92±) (1=1, ...N) 

and so on until the maximum is reached. At the maximum point, 

Y(9^) is not necessarily zero because of experimental and 

rounding errors, but the value of M^(o) cannot be improved. 

B. Computational Method 

In this particular application of the method of steepest 

ascents, t is left as an arbitrary parameter rather than 

chosen so that it maximizes a particular Y(9^). In operation, 

a set of tests is used to determine whether or not a particu

lar value of t leads to an improved value of Y(9^). If it 

does, then the point determined by this value of t is used 

as a starting point for another ascent toward the maximum. 

This process, if continued, leads to the same maximum as out

lined above. It is simpler mathematically since t does not 
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have to be computed but requires more iterations to converge 

to the maximum. 

The tests involved in determining whether or not a given 

value of t leads to an improvement in the function 

Mn+1(t) = Y(0? + \ln t) = YOj 1̂) 

are based on the assumption that in the neighborhood of the 

maximum the function M^-j^t) can be approximated by a straight 

line. At t = o, t) is given by the equation 

N 2. 

Mn+i(o) = \ ° > 0 . 
i=l •LX1 

Therefore, if a calculated value of M^^t) is greater than 

zero, then the value of t used is likely to be less than the 

value of t for which Mn+̂ (t) = 0. Thus, any value of t 

for which Mn+j_( t) ̂  0 leads to a new set of parameters for 

which the value of Y( ) is an improvement over the value 

of Y(0n̂ ). If, however, M +^(t) is less than zero and less 

in absolute magnitude than °) > the value of t used in 

computing is assumed to lead to a poorer value of 

Y( and a smaller t is chosen for a new ascent from the 

same starting point as used before. 

Whenever an improved value of Y(0^) is found, a new 

ascent is started from the point 0 n̂+̂  (i=l, ...N) on the line 

Y(0± ) = Y(0i) (i=l, ...N) . 
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The function to be maximized is now > but, in general, 

it is helpful to make a new choice of t. To aid in finding 

an improved value of ï(0^), a procedure for varying t is 

set up so that if M +̂2_( t) is greater than zero, then the t 

value for M +̂2(t) is chosen to be larger than the t value 

for m£+3_( t) and if 

then the t value of Mn+2( t) is chosen to have a smaller 

value than the t value in Mn+̂ (t). 

It is possible to include these tests in a program for 

digital computation such that the parameters, 9^, leading to 

a maximum value of Y(0^) can be computed automatically without 

further decisions by the operator once initial choices of t 

and the 9? values are made. The initial choice of t in the 

present program is obtained from the approximate relation 

t = k2/^L (f(r, e±))2 . 
r 

In this program the theoretical expression used for 

f(r, 0^) is given by the equation 

\ ^ -xiAb + 2*i 
f(r, 9^) = k ( c a/t A/2b + 1.) e J , 

j=l 2 

where k is .3909^4- times the index of resolution, Cj is 

( mklZk^l/ 1̂ (Zr2 + ̂ r^j * wixere mkl is the multiplicity of 
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the kl^ internuclear distance and the Z's are the atomic 

numbers, b is a damping factor, and xj is r-rj. The expres

sions for the \ys are then 

x _ (r, 6.)calc 
Ajj- — ^2 ®i^calc^ ^ > 

(f(r)exp-f(r, ei)calc)(o./I'j \l7b + i/ ) 

2 -x.2Ab + 2f 2 
/Tx,/2b + jP,2)_i/r 7 e 3 J 

and 

H " kf (f(r,exp-f(r'6i)=al=,(c/rj 

ZTx12/./( 2b+i,2 )2) -i ,/2b+i £7 e"XJ2Ab+2^2 
J J 3 J J 

To program the method of steepest ascents for the I.B.M. 

650 digital computer, the Bell Laboratories interpretive 

routine was used. This routine allows the programmer to code 

the program sequentially and in floating decimal form but 

takes up half of the storage space on the drum leaving only 

one thousand words of storage for the steepest ascent program. 

C. Storage 

There is room for the resolution of up to twenty-five 

radial distribution peaks using up to three hundred and fifty 
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pieces of experimental data at .025 angstrom intervals. 

D. Range and Accuracy 

The Bell Laboratories interpretive routine uses an eight 

place floating decimal subroutine so that all numbers in the 

range 10to 10^ are represented by eight significant 

figures. It appears that the limiting value of M/(o) attain

able in most problems lies in the range 1 to .5. This appears 

to be due to rounding errors in the calculation and also to 

experimental error in the data. Generally, at this point, 

the sum of the squares of the deviations is such that the 

average deviation per experimental point is about one per 

cent of the maximum value of the f(r) function in the range 

being fitted. An additional limitation appears to be due 

to the fact that peaks with small cj values are not sensitive 

to change in the presence of peaks with large cj values. 

E. Speed 

The program takes about one and one quarter hours to 

resolve three radial distribution peaks. This involves the 

computation of about seven sets of f(r) functions at thirty-

six or so experimental points. On the average, for thirty-

six experimental points the program takes three minutes per 

cycle for each radial distribution peak. 
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F. Equipment 

A standard I.B.M. 650 computer with a two thousand word 

magnetic drum is required. No special accessories are neces

sary. 

G. Error Checks 

The Bell Laboratories interpretive routine has a number 

of programmed error stops. For the details, "I.B.M. Technical 

Newsletter No. 11" should be consulted. 

H. Input-Output 

Input consists of the experimental f(r) values at .025 

angstrom intervals, the initial value of r, and the guesses 

for the parameters to be fitted. The output consists of the 

calculated f(r) values for each iteration, the new parameters 

if desired, and the quantities M/(o), (f (r)QXp"f (r )Calc^ ' 

and t. 

I. Detailed Operating Instructions 

A normal mode of operation Bell Laboratories interpretive 

deck is used for this program. This deck is placed in the 

card feed hopper and followed by a drum clear card, which 

clears the half of the drum not used by the interpretive 

routine to zeros. Next the load cards for the steepest ascent 

program are placed in the card feed hopper. These cards 
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include the input cards mentioned above. The last card of the 

deck is a transfer card. 

For operation, the storage entry switches are set to 

70 1951 1331; and the address selection switches are set to 

1338. The programmed switch is put in the stop position, and 

the display switch is set to the upper accumulator. Next, 

the Bell Laboratories normal mode of operation deck, followed 

by drum clear card and steepest ascent program deck with trans

fer card, is placed in the card feed hopper. The computer 

reset and program start switches are depressed in that order 

and the card feed started. The program will stop after the 

first set of f(r) values have been computed, and 1131 will be 

displayed on the address selection lights. At this point, 

the number 02020 /j?Q +§_J l60 should be dialed with the 

storage selection switches. The number % is an exponent 

which is compared with the exponent of M (o). If the M'(o) 

exponent is less than % , then the parameters used to compute 

M/(o) are punched out. After the exponent has been set, the 

program start switch is depressed, and the program runs until 

the test on the exponent is made. At this time, the program 

stops to display M/(o) in the storage entry lights and 1120 

in the address selection lights. A depression of the program 

start key causes the program to continue until an improved 

M/(o) has been calculated. For continuous operation, the 

programmed switch should be set to run after 02020 /j?Q + <f_J 
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l60 has been entered into storage. This is conveniently done 

at the second stop to display M (o). 

The board wiring is outlined in the "I.B.M. Technical 

Newsletter No. 11", and this source should be consulted to 

familiarize the operator with the interpretive routine. 

The detailed program instructions may be obtained from 

Dr. L. S. Barte11, Chemistry Department, Iowa State College, 

Ames, Iowa. 
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