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AN ELECTRON~DIFFRACTION INVESTIGATION
OF THE MOLECULAR STRUCTURE
OF GASEOUS PENTAFLUOROSULFUR HYPOFLUORITE (SOF6)

INTRODUCTION

The diffraction of electrons has constituted one
of the most powerful methods for investigations of the
structure of gaseous molecules. This method has had the
advantage of a simple experiment giving, for simple
molecules, accurate measures of interatomic distances
in a relatively short time. The first paper (by Wierl)
describing the technique appeared in 1931 (29, p. 521-
56l )3 included were results for twenty compounds, This
was followed, in the next nine years, by reports on over
one hundred fifty substances (2L, p.‘296-301). Such
activity, of course, rapldly depleted the number of
simple molecules of unknown structure, and in very recent
years effort has been glven to improving the experiment
and through the improved data (both quality- and
quantity-wise) to studies of dynamic properties of
molecules and to even more accurate determinations of
molecular geometries. Allen and Sutton (1, p. L6=72)
have compiled data giving interatomic distances and
molecular structure for many compounds that have been

studied using gaseous electron diffraction.



An electron-diffraction apparatus of advanced
design is currently under construction at this college.
The diffraction unit itself (comprising the diffraction
chamber, electron gun, pumping system, and miscellaneous
apparatus) is being designed by Dr. Hedberg and the
regulated high-voltage power supply has been constructed
by this author. The power supply 1s similar to the one
now in operation at the California Institute of Tech-
nology; however, our unit has several design modifications
which make it more versatile. The power supply is
discussed in this thesis.

This thesis gives an account of the investigation
of the compound pentafluorosulfur hypofluorite (SOF6)
which was prepared by Dudley, Cady and Eggers (12, p. 1553~
1556). The diffraction data for this compound were
gathered by Dr., Hedberg using the California Institute
of Technology apparatus. The last part of this thesis
describes the programming of the Alwa¢ III-E digital
computer for the lengthy calculations necessary in

structural analysis by gaseous electron diffraction.



SERIES REGULATED POWER SUPPLY

The series-regulated power supply has the function
of delivering a maximum of 30 milliamperes at approximately
«50 kilovolts d-c and was designed to regulate this volte
age to + 25 volts. This highly regulated output, used
as the supply for the electron gun in the diffraction
apparatus, will produce an electron beam of essentisally
constant wavelength necessary for accurate diffraction
work.

The block diagram shown in Figure I iz a schematic
representation of the power supply. In order to render
this overall discussion more mesningful, the functlons
of these components are first described briefly, later
followed by constructional details and a more complete
account of their operation.

The control panel serves three main functions,
These are 1) to supply power to electron tubes in the
various units, 2) to supply power to the highevoltage
trensformer after a short time delay which permits the
electron tube filaments to come to operating temperature
and, 3) to act as a safety device such that if something
goes wrong, for example a short circult, the entire
system will shut off. The second funetion protects the
kenotrons snd series~regulator tube against high voltage
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discharge and the third function protects the power supply
as a whole against excessive loads.

The highevoltage transformer and rectifier has the
sole purpose of converting the 220 volts a-c to pulsating
dec at =50,000 volts. These are the maximum input and
output voltages.

The serieseregulator must convert the pulsating
d=c to a filtered low per cent ripple d-c. Also, in
conjunction with the other blocks, it must maintain the
output at a constant d-c level under varying load
conditions,

The voltage divider samples the output voltage
and directs this sampled voltage two places. One
destination 1s a potentiometer which compares the sample
with a standard cell and relays this difference signal
to a galwvenometer to permit visual observation of voltage
variations. The sample voltage is a2lso compared with
reference batteries and any variation is impressed on
the D.C. amplifier as an error signal. The voltage
divider could be called the detector in the feedback
loop.

The reference batteries comprise nine 0«22%-45
volt d=¢c dry cells connected in serles,

The D.C. amplifier is a conventional high-gain

amplifier and serves only to greatly amplify the error



signal.

The oscillator-modulator has the function of
transforming the d-c error signal to an r-f error signal.
This r-f error signal is communicated to the series=
regulator tank where the actual correction of the error

takes place.
CONTROL PANEL

Figure II is a simplified wiring schematic of the
control panel, Figures III and IV are wiring diagrams
and Table I is a component list. The following discussion
will be restricted to Figure 1I where A and C are the
'hot' leads, N is neutral and G is chassis ground.

When the master wall switch (not shown) is thrown,
power 1is available at the upper left two contacts of
relay 1 and at the main power switch through a safety
device, the water interlock switch. This devlice assures
that sufficient water is flowing through the cooling
coils of the diffusion pumps operating the diffraction
unit: failure of the water circulation shuts off the
power supply. When the main power start button is
depressed, the neon light 1s lighted and the coil of
relay 1 is actuated. Since the lower contacts of the

main power switch have continulty until the stop button
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TABLE I

PARTS LIST FOR CONTROL PANEL
Description

10

No. Needed

RysRy

Ryl ' RYB
Ry,

81,82

Fuse, cartridge, 15 amp. 250 volt
8=Ce

Fuse, cartridge, 10 amp., 250 volt
8=C,

Neon glow lamp, NE-L5, % watt,
110 volts a=c.

Resistor, adjustable power, wire
wound, 10 ohms, 100 watts.

Resistor, adjustable power, wire
wound, li ohms, 100 watts.

Contactor, Square D, class 8502,
type COl, series A, 110 volts a-c
coil, 2P, with holding contacts

Cramer time delay, type 330, S.P.
maximum time 80 seconds, 115 volts
a=-c, 60 cps.

Relay, Guardian, series 200, 115
volts a-c, SPDT, N.C.

Relay, Weston Sensitrol, model 705
type 5, 0-30 ma, make contact on
increasing current, solenoid 120
volts a-c.

Station, push button, Square D,
class 9001, type BB=l, 110 volts
a=c, 60 cps.

Switch, push button, Mallory no.
2001. SPST, NQOO non-locking.

Microe-switeh, 4 amp. at 115 volts
a=c (physically located on auto=~
transformer).

1
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TABLE I « Cont.

Item Description No, Needed
Sg Switech, DPDT, 15 amps. 125 volts 1
8«=Ce
T1 Autotransformer, Powerstat, type 1l

236, panel mount, 2.2 KVA,
(physically located directly below
control panel).
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is depressed, relay 1 remains actuated (via relay L)
after releasing the start button. The actuation of
relay 1 closes three sets of contacts thréugh which power
is supplied to the filaments of various tubes (the
rectifier tubes or kenotrons, tubes in the series-reg=
ulator circuitry, the D.C. amplifier and oscillator-
modulator), to the low-voltage d-c power supplies, and
to the circulation pump located in the voltage divider
tank, After about 40 seconds, the time delay (relay 2)
is closed allowing power to go to the safety switech
located on the autotransformer and to the lower right
contact of relay 3. The safety switch is a device which
prevents actuation of the high voltage start switech une
less the autotransformer setting corresponds to zero out-
put. Were it posaible to throw the highevoltage start
switch with the autotrensformer at an arbitrary setting,
damagingly large surge currents might result. When the
autotransformer setting corresponds to zero output, the
high-voltage start button can actuate relay 3 and power
becomes avellable to the high-voltage transformer. Once
relay 3 is actuated, the safety switeh is bye-passed.
Another safety device which has been incorporated 1s the
overload meter and relay which protects the power supply
against excessive de-c loads., The actuating coll 1is

connected to the center tap of the high-voltage transformer,
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requiring all d-c current through one<half of the high
voltage transformer to go through the meter. If current
becomes excessive, pin 1 and pin 5 of the overload meter
(relay 5) are shorted together and 110 volts a-c are
applied to relay L. When relay L actuates, continuity
to relay 1 is broken and the system 1s turned off. The
overload meter will remain in shorted condition until
the restoring switeh, 83, is pushed.

In order to increase the versatlility of the power
supply a pair of switches have been incorporated in the
control unit which enable the output to be taken as
regulated or unregulated. When an unregulated output is
desired (such as is often the case when an x-ray tube is
being pouoroa) power to the unnecessary voltage divider,
series-regulator, D.C. amplifier, and the oscillator=-
modulator may be interrupted by DPST switch 85. Another
switeh (not shown) effectively by-passes the water inter-
lock: it is then unnecessary to have water flowing in the
diffusion pumps of the electron-diffraction apparatus.

TRANSFORMER-RECTIFIER

The transformer-rectifier unit used in this power
supply is a Standard X-Ray Company unit modified by the

author to meet the varying use requirements. These
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modifications amount to changing the standard Gratz foure
valve fulle-wave rectifier circuit employed in the original
unit (Figures V and VI) to a two-tube full-wave ende
grounded clrcult. A simplified schematic of the altered
rectifier circuit is shown in Figure VII. The original
circult was capable of delivering an output of 100 kilo=-
volts at 200 milliamperes with a 220 volt a-c, 60 cps,
single-phase input., The principal components of the unit
are the high voltage diecdes or valves ("kenotron" is the
General Electric Co. trade name) with their filament
transformers, and the highevoltage transformer. The
filaments of the valves require about 12-1ll; amperes at

12 volts for proper operation and the elements of the
tubes are spaced to prevent any significant conduction

at peak inverse voltages of the order of 140 kilovolts.
The valve fillament transformers are rugged devices
carrying primary-secondary insulation sufficient to withe
stand peak inverse voltages from the high-voltage transe
former. One of these 1s designed to supply two valves,
two others each one valve; a fourth transformer 1is
present in the tank and was used originally to supply the
filament of an x-ray tube. (This transformer may be used
with an Xe-ray tube in the rewired set-up also, but its
output measured to be 12 volts at 110 volts input, will
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first have to be modified with a resistor or auto-
transformer in order to correspond to the 6 volt requiree
ment of modern x-ray tubes,) The high voltage transe
former is a single-phase iron core device with a centere
tapped secondary which is usually grounded to the tank,
The transformer output in the original circuit was thus
+ 50 kilovolts with respect to ground.

The detalls of the rewiring are as follows. First,
the anode and filament clamps were reversed for the Ce
and Dw=valves so that 2ll filaments are now connected to
the highevoltage transformer. Second, the filament
transformer which operated the C~ and Devalves in the
Gratz circult was rewired to supply the A« and Devalves,
this pair being chosen instead of the Be and Ce=valve
pair only because of convenience of location. (Physically
this was accomplished by taking one lead from the fila-
ment transformer secondary over the high voltage transe
former, and by connecting the second to the high voltage
transformer output terminal: that is, the metal plate
which swrrounds the transformer.) Third, the original
Bevalve fllament transformer was converted to supply the
C-valve by connecting the non-common lead of the second-
ary to the non-common side of the C-valve filament,
Fourth, the output leads of the original A-valve transe

former were connected to the B«valve filament. These
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leads, incidentally, had to be carefully positioned to
avoid danger of shorting the high voltage transformer
secondary, Lastly, a change was made with respect to
the output leads of the transformererectifier unit. The
two output leads of the original circuit were converted
to a common output by use of an external highevoltage
cable and two of the four bushings (see Figure VII); the
external connection was made necessary by the spacing
limitations inside the tank.

The top of the transformer-rectifier tank contains
thirteen low-voltage terminals, two of which are inopereble
in the rewired set-up; highetension switches 1 and 2 (H.T.
Swe 1 and H.,T. Sw. 2) are now used only in their normal
positions, These switches should not be confused with
high-tension terminals 1 and 2 (H.T. 1 and H.,T. 2) which
are the 220 volt a-c input terminasls. The position of
the filament switeh (Fil. Sw.) iz of no significance.
Comparing Figures II and IV with Figure VI, it is seen
that the original filament transformer designation is
still retained thus conforming with the terminal
designation on top of the transformer-rectiflier tank,

This was done to simplify the inter-unit wiring procedure.

The operation of the rewired unit may be described
briefly. The center tap of the secondary of the highe

voltage transformer is at ground potential (via the
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overload milliammeter) so that valve pairs A and D, and
B and C stand at voltages 180° out of phase. These valve
palrs are made conducting only when their filaments are
at negative potential with respect to their plates, a
circumstance achieved 60 times per second. Since both
halves of the input signal are used, the output is full=-
wave rectified with a 120 cps ripple. Maximum rms oute
put voltage is about =50 kilovolt with respect to ground.
This type of circult has aptly been termed a voltage~-
halving eircuit (27, p. 137-138).

OSCILLATOR-MODULATOR

The purpose of the oscillator-modulator is to
convert a de-c error signal to an re«f error signal.
Figure VIII is a simplified schematic of the Hartley
shunt feed circuit used. The Hartley oscillator is very
good for this purpose in that the circult elements are
not critical (8, p. L487-491). This circuit employs a
single LC tuned tank (01 and Ll) and the 180 degree
phase requirement is obtained by connecting the grid to
one end of the tank and the plate to the other. L, is
the shunt and is a radio frequency choke which has a low
d-¢c resistance and a high r«f impedence. 03 is a by-pass
capacitor which blocks the d-c path to the cathode. This

capacitor must be large enough to of fer low impedence to
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the r«f signal. Reslstor R1 provides self biaes for tube
Vo and c2 is the usual capacitor in the grid ecircuit to
couple the r«f signal to the grid. The Hartley oscillator
does suffer from one disadvantage. Since there is no low
impedence path to the cathode, the output becomes none
sinusoidal in strongly oscillating circults, that is,
contains harmonics.,

If tube V; were removed from the circult and the
cathode of V, grounded (see Figure VIIL), the oscillator
would oscillate with a constant amplitude; however, its
purpose is instead to provide a variable amplitude which
is a direct function of the error signal. V,; then serves
as the current regulator for VZ’ the current through Vl
being determined by the bias on V;. If the blas on Vl
is increased (that is, the grid becomes more negative
with respect to the cathode), the current through V, and
series connected V, decreases. The decreased current in
Vz is followed by a proportional decrease in the amplitude
of the ref signal. Simllarly, decreased bias on Vl is
followed by an increased r-f signal amplitude. Figure IX
is the wiring diagram of the oscillatore-modulator and
Table II is a list of the components.
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TABLE II

COMPONENTS FOR OSCILLATOR-MODULATOR

Item Description No, Needed

01,02 Capacitor, oil dielectric, 10 mfd., 2
1000 V.dec

Cy Capacitor, oll dielectric, L mfd., 1
1000 V.dec

cu,05,09 Capacitor, paper, 0.0l mfd. 3

Ce Capacitor, air, variable, 140 mmfd, 1

Cq Capacitor, air, variable, 250 mmfd. 1

Cg Capacitor, paper, 500 mmfd., 1

C10 Capecitor, paper, 0.001 mfd. !

3 Receptacle, coaxial, type N. 1
Amphenol no. 82«2l

Rl Resistor, composition, 27 K ohms, : 3
2 watt

R2 Resistor, wew. 10 K ohms, 20 watts : |

RB Potentiometer, we.w. 10 K ohms p |

Rh Resistor, composition, 43 K ohms,  §
2 watt

T1’T2 Transformer, filament, Thordarson 2
21F10

Ty Transformer, primary- 2% inch 1
diameter, 20 turns tapped at & turns,

18 wire. secondary- 2% inch dia-
meter, 5 turns in series with 10
turns wound on 1% inch cylinder,
18 wire

V1sV2 Tube, electron 6L6 2



TABLE II « Cont.

Item Deseription No. Needed
V3 Tube, germanium diode, Kemtron 1
1N60
PS 3 Lambda regulated power supply, 1

model 28 200-325 V.d=c, 0-100 ma,
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DIRECT-COUPLED AMPLIFIER

The D.C., amplifier is a simple highegain amplifier
and since the circultry is so basic 1t will not be
discussed. The source of the d-c voltage to this unit,
as well as the oscillstoremodulator, is two Lambda power
supplies., PFigure X is the wiring diagram and Table III

is a 1list of components,
VOLTAGE DIVIDER

The voltage divider has the task of accurately
sampling the output voltage. It consists of a bank of
precision resistors, connected in series, with a total
resistance of 50 megohms. Figure XI shows the wiring
diagram and Figure XII is a photograph of the set-up.
Incorporated in the voltage divider tank is a stirring
motor to assure uniform temperature throughout. It can
be assumed that the temperature-resistance coefficient
of each resistor is the same; therefore, the resistance
ratio between any two resistors may be kept constant by
keeping the temperature uniform. A uniform temperature
insures that the voltage used for regulation will
represent exactly the same fraction of the total vol tage

at all times.
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TABLE III

COMPONENTS FOR D. C. AMPLIFIER
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Item Description No. Needed

c Capacitor, paper, 0,002 mfd., 1
600 v,

J Receptacle, coaxlal, type N, 1l
Amphenol no. 82-2l

Rl Resistor, composition, 2.2 M ohms, 1
2 watt

Ro,R Resistor, composition, 15 K ohms, L

Rh'Rg 2 watt

R6,R7,R8 Resistor, composition, 82 K ohms, 3
1 watt

Rg Potentiometer, w.w., 1 K ohms, ) |
4 watt

R Resistor, composition, 120 K ohms, 3

R%g'nll 5%, 1 watt !

R13 Potentiometer, wew., 0.1 M ohms, 1
L watt

VysVs Tube, electron, 6SN7 2

Ty a?T Transformer, filament, Thordarson 2

1’72 21F10

PS 1 Lambda regulated power supply, 1
model 29, 100«200 V.d=c, 0«100 ma.

PS 2 Lambda regulated power supply, 1
model 28, 200325 V.d-c, 0«100 ma,

s1 Switech, selector, Cinema Engin- 2 ]

eering Co., CES«1C2-18D with knob
and dial (physically located by
autotransformer)
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FIGURE XII

VOLTAGE DIVIDER TANK
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SERIES«REGULATOR

The wiring diagram of the series-regulator is
shown in Figure XIII and the list of components is given
in Teble IV. Figures XIV and XV are photographs of the
unit,

The high-voltage input (received at J,) 1is the
pulsating d-c output of the transformer-rectifler unit.
A considerable part of the 120 cps ripple is removed by
capacitor Cg, which has a time constant of about 12.5
gseconds (0.25 mfd. times 50 megohms); a very much smeller
part is removed by capacltor Gh, which has the same
capacitance of CS’ but operates in a low resistance
circuit. The r-f signal is received at Jl from the
oscillator-modulator and communicated to the series=-
regulator tube circuitry (enclosed by the dotten lines)
via r«f transformer Tl' of which the primary is at de-c
ground potential and the secondary is at =50 kilovolts
d=c. Tube Vl is made conducting by the negative portion
of the signal and an r-f choke in conjuntion with two
capacitors (C, and 03) removes the ripple before the
signal is impressed on the grid of the regulator tube
Vo. Tube V, is self-blased via resistor Rh and meter M
to the cathode of tube Vz. An error signal varies the
blas on V, which causes a change in plate resistance in

a direction to correct the error.
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TABLE IV

COMPONENTS FOR SERIES=-REGULATOR

Description

33

No. Needed

Capacitor, ceramic 150 mmfd.

Capacitor, bathtub 0.5 mfd.,
400v,

Capacitor, ceramic 130 mmfd,

Capacitor, paper dielectric,
0,25 mfd., 50 KV insulation,
G. E. No. 14F4S55

Receptacle, coaxial, type N,
Amphenol No. 82«24

Receptacle, high voltage, G, E.
No. 1003258C1

ChOkQ’ P-f, 205 mho. 75 me.
Resistor, wew., L} ohms, 10 watts
Resistor, wewe.; 4O ohms, 10 watts

Resistor, wewsy, 0.7 M ohms, 0.1%,
1l watt, Shallcross precision

Transformer, air core, 50 KV
insulation, coils wound on tef-
lon cylinders which are mounted
on macarta cores, adjustable
coupling, primary- 12 turns of
no. 18 wire, secondary- 36 turns
of no, 18 wire, teflon cylinders
are 1% inch in diameter

Trensformer, filament, 7.5 volts
a=-c, 60 cps, 50 KV insulation,
100 VA, Del Electronics Inc.

Tube, electron, 6H6

1
1

O



Item

TABLE IV « Cont,

Description

3k

No, Needed

Tube, electron, U450TH, Eitel
MeCullough Ince

Meter

4
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FIGURE XIV

SERIES REGULATOR TANK
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FIGURE XV

SERIES REGULATOR TANK
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Resistors R, and R3 serve to maintain the cathodes
of Vl and V5 at a suitable d-c potential and resistor Rl
provides 6 volts a=c for the filament of tube Vy. The
5 kilovolt spark gap serves to protect the series-rege

ulator tube V2.

OPERATIONAL DESCRIPTION

The operation of the power supply may be traced
using the simplified schematic shown in Figure XVI., If
the voltage at the electron gun should become more
negative, the error voltage, proportionally reduced in
numerical value by the 49.6 M,ohm resistors, is led to
the D.C. amplifier which provides a much amplified
negative-going error signal (but positive with respect
to ground) as input to the cathode of the first tube of
the oscillator-modulator. Since the grid voltage of the
tube is constant, the negative signal decreases the bias
and the resultant increased conduction causes the
amplitude of the 2 megacycle signal to increase. The
output of the oscillatore-modulator is coupled, via an
isolation transformer of which the secondary winding is
at «50 kilovolts d=c, to the diode in the series=-
regulator tank. The signel 1s rectified by the diode
and the negative envelope flltered by the LC network.
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Since the negative envelope is used, the grid of the
gseries-regulator tube becomes more negative increasing
the plate resistance and the voltage drop across the
tube. Since more voltage is dropped across the tube,
the voltage at the electron gun becomes less negative
acting to correct the original error. It must be
remembered that this circuit will correct only for
transient voltage changes. Drift is corrected by use
of the autotransformer and visual observation of the

galvonometer,
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INVESTIGATION OF THE MOLECULAR STRUCTURE
OF PENTAFLUOROSULFUR HYPOFLUORITE
BY ELECTRON DIFFRACTION

THEORETICAL

ELASTIC SCATTERING. Since electron diffraction

from gases is nearly always done with fast electrons
(30-50 kilovolt), the following development of the
scattering theory deals only with this case.

It is advantageous to consider elastic scattering
by an atom first and then extend this to randomly
oriented molecules. Consider a monochromatic beam of
electrons in field free space impinging on a small region
of high electrostatic field, The electrons are scattered
and the distribution of scattered electrons is observed
at a great distance from the atom. Let pr represent this
distance and & the angle which the scattered electrons
make with the incldent beam. If N is the number of
electrons in the incident beam which passes a unit area
per unit time, then the number of scattered electrons
impinging on the area dS at angle © in unit time is
given by the solid angle formula (6, p. 233-236)



NIty dS/n* = NIed W (1)

where I(6 ) is a function to be calculated. I(o ) is

obtained by use of the wave equation

g M
VZSU(X,'W) = A* (\/J_ \l(x,j,a)J L}J(K,j,z) = O

or simply

vy -\ =0 #)

LP is the wave function which is a complex function

describing the amplitude and phase of the wave at any

int. U is th sow whieh 1 Ao 2s 5 25
point. VU s e operator which 1s -7 a3yt T2
in cartesian coordinates. W 1is the kinetic energy of
the electrons and is constant, that is, the electrons
have the same energy before and after collision. W can
be determined from the accelerating potential used in
the experiment. V 1s the potential energy of the inter-
action between the electron and the charged atom and 1is
considered to be only a function of r.

Figure XVII (6, p. 234) is a convenient set of

coordinates; the primed coordinates refer to the atoms

and the unprimed to the electron wave. The infinite
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FIGURE XVII

COORDINATES FOR ATOMIC SCATTERING
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plane wave is traveling along Z., From the de Broglie
relationship A = h/mv, one obtains

/;"L

and equation (2) becomes

v
"zm L —Y (3)

(Y + A5 =

Now if f be a known function, the most

(x,57,2)
general solution of

(VZ\" A z.) Y =7C(x.~1,z)

is (22, pp. 106-115)

/.,l/
q)tx.j,z)=ch,~5,z)‘4-ﬂ'/]‘ [7-To] 'f(xjy,';')cjx'cjy'c[z, (L)

where G(x,y,z) is the general solution of

(V+A*)G =0
If Y 1s any solution of equation (2), then equation (L)
becomes (6, p. 234)
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where

~

dT = dx'dy'd=
V: = V(x ¥y, 2')
Y = %xfy',z )
If ‘-F is an adequate description of the electron
waves , G(x,y,z) defined by

LRz
G(x,tj,z) =€ (6)

must represent the incident plane wave and the integral
of equation (5) the diffracted wave. For »>>r (the
circumstance prevailing in the electron diffraction
experiment) this integral becomes < e**b-F(e;
leading to the equation

.L&Z :
‘7U + K éJN—F(e) (7)

Using the relationship (6, p. 234)

[ -] = m—-(é)"_‘\’/
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£(© ) becomes

Y
for= = L2 [y T e

The solution to the scattering problem thus involves the

integration of equation (8).

The evaluation of the integral of equation (8) is
achieved by the use of an approximation, the Born
approximation, occasioned by the nature of‘#l. The
function 99’13 composed of two parts, a ?Z and a part
similar to the integral of equation (8). The Born

approximation consist of neglecting the integral part
/
of Y , that is

4

lN L J'-/‘Z
pay=e (9)

which may be interpreted in physical terms as assuming
only a single scattering process within the atom with
no shift in phase occurring. The Born approximation has
found ample experimental justification in the case of
molecules containing atoms of not too different atomic
numbers; however, when the molecule contains atoms of
quite different atomic numbers a more elaborate theory
is necessary (13, p. 667«671). Let Z/ = —"{q'}t' where

>

MNe (see Figure XVII) is the unit vector along the 2
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axis, Since(%) }f is also a unit vector, equation (8)
becomes
)L L]
_2TTm E )"] /
7E(e) A C Vo T
27m A&( Qo.}t yt ﬁ,) s
x| e Vd

[

N - -\ 7
277M <A (Me=N)orc (!
-z /e N d T (10)
With reference to Figure XVII, it is seen that & 1is the

angle between /. and "o , hence,

=N = IR T 2T oo

= 2-26o8&
[T\ = V2 (- Gea)*
ITe-M| = 2Aam %2 (11)

which leads to
(G- PR =(2 pn %) 1 Coe ol (12)

/ -y - =
where O( 1s the angle between /e and(\'].;v\.) . Equation

(10) thus becomes



W7

(13)

2rm/| i h(um®B) S Can’
‘Fce)z - /k’“[e VO/ /

Since everything is now in terms of the atom, the primes
will be dropped except where needed for clarity. Taking
FE P y\, as the polar axis and changing to spherical

coordinates glves

© 1 207
2 12 R (A ) yo Contt.
Iw: - A‘[ffe )u’“Vm;MoLJFJo(Jm (14)

where /9 is the azimuthal angle and o is the latitude.
/ may be integrated immediately to obtain

2]

Va
27'm | [ x2A(m % )r Cou X |
_,/_‘(9)-_--. //i‘//e W) 15 eny M cJa(Jk_. (15)
o

o
2
Recalling that /ﬁﬁ = ZL and introducing a new constant

= 4/15- A & 2 equation (15) becomes

0o T .
qarim [ [ #4rCoex ,
'rf(9)= N ,g_l/]g’ ﬁc.z\/(n)Mmc!oco/m (16)
2 o0

The integration over o 1is accomplished as follows
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,cao/)uCo-ooé , P <7 4

/ x:élb _,;,QJ;U
=Flen]€ - €

but
: ke BTG
s T = +___~— <§444u;- = &
PP
so that
™~
<uro G Lo AN
R A
= AT
fe At oA A, e (17)

o

The evaluation of f( &) has thus been reduced to the

solution of the equation,

gr'm iy e Vo K2R
{es=" 222 | “or (18)

o

The quantity V(r) may be expressed by the
equation (6, p. 235)

\A + éj/ ?gw/ c/H, (19)

R

in which the first term represents the potential of the
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impinging electron in the field of the nucleus of

charge Z& and the second term the potential of the
electron in the field of the extra-nuclear electrons
which have probability distribution /;Iéuc,’}/z. It is
convenient to employ equations (18) and (10) for
respectively the first and second terms of equation (19).

From equation (18)

0 (20)
is obtained, which may be evaluated as follows (21,
p. 658-665).

2
YVmZG/AJMA/)an = g7 € fe Jon dre dro

e e 2 A5
5’7777726 L
K"’O(A.Z{-K")
_ 2me? z.
I LY (21)

By substituting the second part of equation (19) into
equation (10) and using the equation
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ApN)R LA )R
£ JT = A<

/R T/
T8l AT (22)
derived by Bethe (4, p. 325-400) one obtains the
expression

A’-é("(o YL)JC p
‘?’77”6 /7{0"}/ 7 (23)

2
Again changing to spherical coordinates and using the

— — -—
relationships for ('%r‘yL) » /¢ and k obtained earlier,

expression (23) becomes

—abkd$0¢,

Q7 me// /¢m.'; = — /tzmvca//é’a/df{z)

oo

Integration over « and ﬂ is accomplished as described
before ylelding the expression

co
2
gﬂ‘“fﬂé
i —%z jﬂ' Mkfb/ %(/L'J//(’ a/jt, (25)

o

Adding expression (21) to (25), one obtains
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2 2
_ 87 meT [ Z- Fo
fo = 52 / = / (26)
where
e 2
A I
0

The complete solution to the Schrodinger equation is thus

i K
Y= SMG M ﬂi‘r;f‘ze 4‘7-———-15—’:?9/ (28)
A 42

F i1s the atomic scattering factor for x-rays and has
been tabulated for nearly all atoms (17, p. 470-476)
and (23, p. 1=29). At large scattering angles, F— 0
which means that the nucleus is responsible for most of
the scattering. As @~ 0, F(6)— Z and § =0 in such
a fashion that (Z - Fre) ) / 4%  approaches a finite value
(23, p. 28).

Now that the wave function for the elastic
scattering of electrons by atoms has been obtained, the
theory may be extended to elastic scattering by molecules.

Since molecules are aggregates of atoms, equation (28)
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should epply provided that the potential function for a
bound atom does not differ from that for an unbound
atom. This, of course, is not strictly true; however,
deviations from spherical symmetry occasioned by bond
formation cannot matter much since the electron-electron
scattering of fast electrons is of minor importance.

The theory of scattering from gaseous molecules
is developed by first considering the effect from a
simple molecule in fixed orientation and then averaging
over all orientations, Implicit in the treatment is the
independence of scattering from neighboring molecules.
Figure XVIII (6, p. 236) shows a convenient coordinate
system., Since the origin of the coordinates 1s not
located at the center of any atom, the expression for
the amplitude of the wave scattered by the 158 gtom is

given by the second term of equation (7) and becomes

(6, pe 236)

b

LEIR=Fil ga.

k%)- _ e / A eéLALEE‘ 4L

~ v @) ()
IR -7 29

As in the treatment of the scattering from an atom

e

JR-FRul = o -W\ox;
Zi. ':'»—\.o_v\‘
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where % and 52, are unit vectors along < and Z. Here

|72 =72: [ 1s the distance from the center of the 1 b
£ AlZ;

atom to the point of observation; the new factor&

takes sccount of the difference in phase of the indicent
wave at the center of the LEQ atom relative to the origin.
From equation (29) one obtains

.c;é(ft_-:'l,‘ﬁ_z»x,) LAZ,
Y= € =

— % (&)

e i (30)

Equation (30) must be summed over all atoms in the
molecule of fixed orientation to obtain the total

scattering amplitude.
ifre g e
_ s AU
N =2 W= "R ‘Ze fiw GO

Since the molecules are randomly oriented in the electron
diffraction experiment, the scattered waves from differ-
ent molecules will have a random phase relationship;

therefore, the averaging over all possible orientations
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| 2
must be done on the intenaity/¢/ .

y b =
« S S / L AT )R
I=RE == K < ‘/:

./.44( '\)'( L‘)"’a
=522 2 LLETTTT

4(.'1é (.V-[o—_yi.).)z:" ;
:;617_ .21[;{,'8 J (32)

L J
where (ID* is the complex cbnjugace of t/J and 72,{; =F —-7%‘-
The averaging process is accomplished by changing
to spherical polar coordinates (taking ﬁ: - ﬁE as the
polar axis) and integrating over the surface of a unit
sphere (24, p. 298), that is, over the angle variables
o and £ ; the result is the mean intensity per unit

solid angle from randomly oriented molecules.

(33)

,,,A(,,Y\)‘ﬂu
T T Tl ST

Aen & /?Joc

J- 1= 2 4.
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equation (33) becomes

T
A M A .
I‘;&ZZI Iji_ﬁ‘J AJNJ &iumo(:j Jr?cld;_; (34)

which gives

A Roiy
zzzﬁx*ﬁwﬂ (35)

Except for the £1 » equation (35) was derived by Debye
(11, p. 809-823) for the case of molecular scattering
by xX-rays.

When i = j, equation (35) reduces to
) %
T= 2y () (36)
because

AM'\K i

—_
—

X—>0

When the §; are included explicitly one obtains the
solution to the problem of elastic scattering of electrons

by molecules in its fullest form:

S’Tf ‘mG) Z-Z(Z F) Z -F), A'A::;‘“(y”
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INELASTIC SCATTERING. Several things may happen

to a molecule during bombardment which result in a
fraction of the beam being scattered inelastically: the
bombarding electrons may leave the molecule in an excited
electronic state, they may ionize the molecule, or they
may change the vibrational or rotational state of the
molecule, In all such procéslos the impinging electrons
leave the scattering point with less energy and the
scattered rays have correspondingly longer wavelengths.,
This radiation, in contrast to that scattered by elastic
processes, 1s not coherent, a circumstances occasioned
by the great number of energetically different molecular
quantum states active in inelastic processes.

It is useful to have an idea of the angular
distribution of inelastically scattered electrons in
spite of the fact that the inelastic scattering is not
related to the molecular structure: inelastic scattering
gontributes a background of which account must be taken
when the data are reduced. No treatment has been given
for this scattering effect from molecules as suchj
instead an approximate solution to the problem 1s based
on the reasonable assumption that the inelastic scatter-
ing effect from a molecule wlll not differ much from the

aggregate effect of the atoms comprising the molecule.
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Further, since it has not been possible to calculate
explicitly the incoherent intensity for atoms with Z > 1,
these approximate solutions rest on extensions of the
hydrogen atom results to polyelectronic atoms, For
example, at large scattering angles the intensility for
incoherent scattering by a hydrogen atom approaches the
intensity that would be scattered by a Thomson electron
(25, p. 3) and for an atom containing Z electrons, the
total intensity is assumed to be ZI.. The treatment
described below is by Morse (20, p. LL43-4li5) who extended
Heisenberg's results for the incoherent scattering of
x=-rays by molecules (1ll, p. 737-740) to fast electrons,
Taking into account the change in wavelength which
occurs in incoherent scattering, the scattered intensity

from atoms may be written (20, p. LlLl)

tz * BN - A No) 7R,
Liey= AJm 5£¢ r:,t JICJV
(38)

where
A = 2mrme74?

W = goordinate of the atomic electron
a = coordinate of the bombarding electron

n{vﬁ 27T /2y =  wave numbers after collision
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4{.,_ = 277'/ Ag= Wave numbers before collision
»*

QQ\ = wave function of atom after collision

¢h_= wave function of atom before collision

ZJ_ "V . the potential function for
Zn =\ny=

. the bombarding electron
By letting kn = ka (valid for high energy electrons),
the vector _§ = ﬂ“ Vto s and integrating over dVo one

obtains

JA(S-Fe

7= (=) | [ iz 287] o

Expanding equation (39) and using the trigometric

relation

_1,&

Coe X= 2(6 Sk~ (40)

one obtains

T () (41 [-27 e aiER) +

(41)
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Equation (41) is integrated in a manner somewhat similar
to that already used giving

_ (2TA
Le}' (

(Z 2ZF + 5) (42)
Now S has been found (20, p. 4lil}) to be equal to

S"z,zzﬁz"" S+ (43)

where Sv is the incoherent scattering function first de=
rived by Heisenberg (14, pe. 737-740). Equation (42)

becomes

J o) =(Wrmé/ [(/ 5) - 5**] (k)

If one lets Fy = F/Z, one obtains the form given by
Brockway (6, p. 238).

2 e Tz-£)
_ [T me") [\2—/ S
Z(a/‘(‘jz—‘)[ -7 ’;7 (45)

By referring to equation (26), it is seen that the first

\

2
term of equation (L45) is equal to /7[ (9)/ which is the

intensity of elastically scattered waves from an atom.
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Sy 1s equal to (25, pe 30)

Xo 2
S.,,—_—/_]x‘a’x (%‘L)f“'”‘][%i £/ e

where v is

- ,_47;5 A

and b 1s the characteristic atomic radius for lncoherent

(47)

-2
radiation which 1s proportional to (Z) 5 4 Ct’(x\/x is
e dimensionless electric potential function which is

equal to (25, p. 1l«l5)

!

<L Jt:

2 2 373
tx)) g LP 4Ta ] (48)
X £

The procedure in calculating incoherent scattering
is to calculate y for some value of & , and then by using
tables prepared by Bewlilogua (5, p. 740-7h)) 8, may be
obtained. The total intensity (coherent and incoherent)
from an atom 1s given by equation (45) and for a molecule

by equation (49) below.

8Tr'me A MK »
L=z /ZZ,(' oy Zi](u9)
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where

-C Gz-ﬁz?hz

g —
Ju—

TEMPERATURE EFFECT. James (16, p. 737-754) has
studied the thermal vibrations of atoms in gaseous
molecules, His theoretical treatment dealt with the
case of x-ray diffraction, but it has been found to apply
also to electron diffraction., It was found that the
effect of thermal vibrations on interatomic distances

could be taken account of by the factor

2 6/ \2
[—877 J'ﬂ-utj (4";/2-)_‘] _ e(—&zjadaz) (50)

where the J /<ij is the mean square of the change in the
distance sv.; . The equation for the total scattered

intensity per unit solid angle from a non-rigid molecule

is thus
A (a"A'.) S
LK i &9 s e s 5 | o)

g me*7?
where K represents the constant pz P
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EXPERIMENTAL

Pentafluorosulfur hypofluorite (SOF@), first
prepared by Dudley, Cady and Eggers (12, p. 1553-1556),
is the major product of the catalytic reaction between
silver difluoride and thionyl fluoride at 200°C.; the
minor product of the reaction is thionyl tetrafluoride
(SOFu). SOFy has an odor like oxygen difluoride and is
an extremely strong oxidizing agent. It is a gas at
ordinary conditions (f.p. is -86°C. and the b.p. is
«35,1%C.). Dudley, Cady and Eggers (12, p. 1553-1556)
suggested that the molecule has a structure like SF6
with one of the fluorines replaced by an (OF) group and
confirmed this structure by chemical means and by infra-
red spectroscopy.

Electron diffraction photographs of SOF, were
made by Drs. Dudley and Hedberg in the apparatus at the
California Institute of Technology. Thils apparatus
operates essentially as the apparatus described by
Brockway (6, p. 231-266) except that a mechanical device,
called a sector, is incorporated in order to modify the
scattered intensity uniformly with angle in such a way
as to permit easier microphotometry of the photographic
plates. The diffraction photographs consisted of a series
of concentric diffraction rings (with the position of the
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undiffracted electron beam as center) which died off
rapidly in intensity with increasing scattering angle.

The reduction of the data, represented by photo=-
graphs of diffraction patterns, has as 1ts ultimate
object the preparation of a function or curve which is
everywhere proportional to the intensity of scattered
electrons arising from the structure of the molecule.
The problem of reduction, then, is essentially the probe
lem of converting the blackness of the plates to a
scattered intensity curve. The conversion may be accom-
plished by measuring the density of the photographilc
plates as a funetion of scattering angle and then
determining the relationship between the measured density
and scattered electron intensity. The procedure used to
obtain the S0Fg scattering data in useful form from the
photographic plates required many steps. The following
account is presented in detail; subsequent work with
other molecules may well differ somewhat as shorter and
more convenlent operations are worked out.

The SOF‘6 plates, carefully selected, were placed
on a recording densitometer and a trace of each made
while being rotated about the center of the diffraction
halos in order to even out the graininess of the emul-

sion, Since density of plate 1s proportional to log
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(I,/I), where I, is the intensity of the impinging
densitometer beam and I is the emergent intensity, it
would seem convenient to adjust the densitometer such
that 1, = 100 for clear‘plato and I = 0 for complete
ebsorption fall at extreme edges of the chart paper.

For darker plates, however, this scale is too insen-
sitive, particularly at larger distances from the center
of the plate where the ring amplitudes are decreased,

and it is helpful to increase the gain of the amplifier
such that the I, line is moved off the chart paper. With
reference to Figure XIX (a typical trace of an SOF6 plate)
it may be seen that this amounts to magnifying the
undulations of the trace. A still further magnification
of the trace undulations may be achieved by increasing
the gain of the amplifier in the other direction, that
is, by displacing the I = 0 base line from the chart in
the other direction. Each of these three techniques was
employed with the SOFg plates.

With the SOF6 traces prepared, the problem of
reduction began. First, a scale of the electron diff-
raction variable g (= %EM ®/2 ) was established
and affixed to the trace (the wavelength A of the
electrons for the SOFg experiment was 0.0620 A). This
was accomplished by first computing the scattering
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angles © corresponding to each of a set of selected g
values (the set ran from 1 £ g = U5 in intervals of

4+ 8) and then establishing the connection between these
8 values and linear distance on the trace through use of

1) the relationship =L tan® and 2) the relationship

T,
rp/rt = 1/13.490; z, and r, were distances on the plate
and trace, respectively, measured from the position of
the undiffracted beam, The distance from the scattering
point to the photographlc plate is designated by L and
is equal to 96.27 mm.

The next step was to evaluate photographlic den=
sities from the lndividual densitometer traces at inter-
vals closely enough spaced on the continuous trace to
yield a satisfactory amount of data. Rather arbitrarily,
the interval chosen was § 8. Since as mentioned pre-

viously
D = log (I,/I)

where D 1s photographic density 1t was convenient to make
a logarithmic rule such that log (I /I) could be read
directly from the traces having zero per cent and 100 per
cent transmission (0-100 scale) identified with complete
absorption and clear plate respectively. The same log-
arithmic rule could be and was used with the traces in

which the 100 per cent transmission point had been
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amplified off the chart paper (0-X scale). Since the
scale on the rule is log (100/I) = 2 = log I, the ampli=-
fication amounts to displacing all points I of the trace
to proportionally larger values 1' and these values 1!
are measured by the rule as 2 - log I' = 2 =« log n =

log I. Thus, in order to convert readings obtained
using the rule from the 0 « X scale to density 1t was
simply necessary to add a constant to all readings. The
constant was evaluated by comparing readings from the
rule for 7«10 corresponding points on traces made from

a given plate on both the 0 - 100 and 0 - X scales; the
average of the differences was taken as the constant.

To obtain densities from the traces made on the X - X
scale a more elaborate procedure was required since these
traces bore no reference point (such as the zero or 100
per cent transmission base lines). This procedure
amounted to establishing the scale of transmission (= I/Io)
for the X « X traces by comparing them at selected points
with the 0 « 100 scale traces from the same plate for
which, of course, the transmissions were known. The
transmissions at 10 selected points on an X = X trace
were measured on an arbitrary scale and these values

dif ferenced by pairs (1«6, 2«7, 3-8, etc.). These diff=
erences in actual transmission had to be equal to the

corresponding differences derived from the 0 - 100 trace.
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For each combination difference the ratio of the number
of true transmission units from the 0 - 100 scale to

the number of scale divisions on the X - X scale, or
AT/AS.D. , was formed. The average of these ratlos
was taken as representing the relationship between trans-
mission and the arbitrary scale of the X -« X trace. The
transmissions from the X - X trace were then obtalned by
measuring from a reference base line and using the
established ratio. The logarithims of reciprocal transe
missions were then computed to yield photographic
densities.

Following the above described measurements of
photographic densities from the several plates the results
were averaged into a single set of density data. Since
the density of a photographic plate exposed to electrons
is proportional to the intensity of the electron rays
striking the plate over a considerable range of density
(see Figure XX) this averaging procedure amounted to
formulation of a curve of scattered electron intensity
striking the plate (Ip) as a function of the variable s.
The actual procedure was accomplished by simply adding
the photographic densities of the various plates at
corresponding values of g and dividing by the number of
plates provided that each of the plates had a range of
densities falling only on the linear part of the response
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curve shown in Figure XX, that is, in the range between
points A and B, Plates with densities falling outside
this range were also used but a correction had to be made
for non-linearity of response. This correction was made
by choosing a relatively light plate for which the density
was surely everywhere proportional to exposure (0,25 D =
1.5, as found from past experience with this photographiec
emulsion) and dividing the density values point by point
into the denslity values for each of the more heavily ex-
posed plates. These ratios were constant so long as the
heavier plate density values lay on the linear part of
the response curve, Deviations from constancy were used
as factors to correct the density values of the more
heavily exposed plates. Karle and Karle (18, p. 957=962)
give a more detailed account of this procedure., Table V
gives the individual plate intensities (Ip) and the
composite plate intensitles for all the S0Fy plates used
over the range of data, that i1s, J.5= g = 45. Plate
1039 was not used in the composite curve for two reasons:
it did not have the same slope as the other curves and
the data appeared to be slightly displaced (about 1/8 of
an 8 unit) to larger values of 8. The calculations
described below were done on the composite curve and the
data from plate 1039 separately and the curve combined

as a final step.
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AVERAGING SEPARATE PLATE INTENSITIES TO OBTAIN I

p
s 1060 107 1072 1074 I
0=X O=X XX XX P
4.5 2,001 2,001
5.0 1.886 1.886
Se5 1.818 1.818
6.0 1.7 7 10737
605 o 1. 60
7.0 : I
g.s 1.068 1.068
«0 1.082 1.082
§-;-§ 1‘§5§ 1.%53
10,0 0.974 0.97L
10.5 0.870 0.870
11,0 0.818 0.818
.82 0.826 0.8356 0.82
%%.5 ] ““%.82% 0.845 6.825? .
12,5 0.860 0.858 0.8783 0.865)
13.0 0.841 0.842 0.85&3 0.845L
13.5 0.800 0.802 0.80L5 0.8022
0 0 6 0 elg, 0.7772
15.0 0.756 0.7579 0.7560
15.5 0.73 0.7 0.7438 0.7
16.0 0.727 0.728 0.7212 0.725
6 0.727 0,726 0,722 0.7252
"%7?% 0.733 6?%56""6f;§2% e 731
17.5 0.737 0.736 0.7396 0.7375
18,0 0.730 0.730 0.7319 0.7306
18.5 0.706 0.710 0.7087 0.7082
0 0.680 0.682 0.6 0.6800
19. * Oe 0. 3
20,0 0.650 0.667 0.660 0.6658
20.5 0.683 0.676 0.677 0.6788
21.0 0.686 0.683 0.6855 0.68L8
0,676 0,676 0.678 0.6767
52.0 0.6 Z‘F_'BM O. 0.660
22.5 0.648 0.6487 0,648
23,0 0.640 0.6392 0.639
8 636 0.6360 0.6360

Za.g




TABLE V -« Cont.

s 107k 1072 107L I, 1039
0-X XoX XX Yok
2h.5 0.630 0.6331 0.6316
25,0 0.629 0.6310 0.6300
2545 0,627  0.6290 0.6280
26,0 0.62l 0.6268 0.625);
2645 0,61% 0.6227 0.6290 00,6202
2740 Oe 0.6130 p .
2745 0.604 0.6059 0,605 0.6052
28,0 0.5999 0.6000 0,6000
28,5 0.5999 0.5989 0.599
) 0.60 0.600 0.600
. 6?66%%“'6736I3“‘67€6§6
3040 0.6006 0.5984 0.5995
30.5 0.5943 0.5953 0.5938
31,0 0.5873 0.5881 0.5877 0.6515
51,5 o,ge%e o,Eeeo o,g&z; %,6%68
L J o. & L -
32,5 0.5806 0.5811 0.5808 0.6468
33.0 0.5800 0.5811 0.5806 0.6472
33.5 0.5803 0.5801 0.5802 0.6450
__éggg 0.5780 0.5786  0.6418
L ] L ] E L ] 0.
32 i
36,0 0.5687 0.5687 0.6299
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The total scattered intensity per unit solid angle
is related to the electron intensity striking the photoe
graphic plate by equation (52) (2, p. 1311-1317).

IP:I,é"’(.(M'P(e) (52)
where
& (4) is the sector function (calibrated by
direct measurement)
It is the total scattered intensity per unit
solid angle = I( &)
Ip is the electron intensity striking the
plate
P(6) 1s cos>© where & 1is the scattering
angle
The P(©) is necessary because the photographic plate is
normal to the undiffracted beam instead of being every=-
where equidistant from the scattering point. The A (4)
function arises from the presence of the sector in the
apparatus, The sector 1ls a device, cut in the shape of
a heart, which rotates rapidly around an axis perpendic-
ular to its plane and coincident with the undiffracted
beam. The purpose of the sector is to reduce the
scattered electron intensity at low angles relative to

that at high angles. The angular opening of the sector
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is proportional to _z_',3,~ measured on the sector, except
at very small scattering angles where the opening is
larger, The function o (4)s then, expresses the relation=-
ship between angular openings on the sector and the
variable g on the plate.

ir I,
equation (52), one obtains (neglecting the constant

from equation (51) is substituted in

since only relative intensities are of interest)

2
IP (Z F'),‘(;_:---/:ji (i) A AR P

A ) Pce) o3 A4 ki
L L (53)

where the prime indicates that 17 j. Of the summed
terms it 1s the first which is of interest in connection
with the molecular structure. If equation (53) is
multiplied through by g’* and rearranged, one obtains
what has been called the molecular scattering equation

(2, pe 1311-1317) and (28, p. 671=690)
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T
];h— ZI(Z‘F)L (Z"F’)J' E’(—Q‘JA’) Ao Al i}

ij g
5 .Z-P
= = (
Pay P©) B* ol
where 45( = %’ differs only slightly from constancy

and

2

B{: = Z[(Z"‘F)J_ +* S-u—]
A

is the theoretical background. In order to obtain a

curve corresponding to only the molecular scattering,

the operations suggested by equation (54) were applied

to the I, data for SOFg in the following way. Each

P
density value (Table V) was multiplied by the quantity

3 [

A
X (a) (0

and plotted on large-size graph paper. Then the back=-

ground function Bt was prepared by simply drawing a

smooth curve through the undulations of the curves and
subtracting it point by point. Finally, the two curves
carried through to this point (Ip and 1039, Table V) were
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combined and multiplied by s to give a composite molecular
scattering curve 1,. This manner of handling By deserves
a word, The actual background on the photographic plate
may, and nearly always does, differ considerably from the
theoretical background because of miscellaneous experie
mental effects, such as scattering from apparatus pin-
holes, etec. Fortunately, the experimental background
seems to be a smooth function which has only the effect
of boosting the overall density of the plate and can be
easily taken account of as indicated.

In practice the molecular scattering curve L, does
not lend itself well to analysis (28, p. 671-690). A
more convenlent curve may be prepared by dividing L
through by a function which converts the variable
coefficients (Z = F); to essentially constant coefficients.
Thls was done for SOFy by dividing by

4;'£F'”L?

(the subscript refers to sulfur and fluorine atoms) using
the atomic scattering factors caleculated by lbers and
Hoerni (15, p. 405-408). The relationship existing
between the function given by Ibers and Hoerni and

equation (54) is
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7[‘ _ K(Z-F)
L@

_4’2
such that

)
3 _ K(Z-Fle(Z-F)
7‘,; 1£5"‘ = - ’ (55)

where K and K' are constants. Equation (54) reduces to

2 Kij & R i, R (56)
VA
The coefficient K j/ri 3 is exactly constant for all terms
involving sulfur and fluorine, but deviates slightly from
constancy for the sulfur-oxygen, fluorine-fluorine, and
fluorine-oxygen terms, For example, the deviation for

sulfur-oxygen terms is the small deviation of the ratio

(Z2-F),
(Z-F)

from constancy., The experimental curve for SOF6 resulte

ing from this treatment is presented as Table VI, This
s £ L4.5 not obtained in

curve includes data from 0.5 <
the densitometric procedure (the region was blocked off

by the central beam stop) but by visual estimation of ring
amplitudes and diameters from a plate made without a beam

stop.
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SOFg EXPFERIMENTAL INTENSITY I
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8 Ig 8 Ig
0.5 1930 20.5 290
1.0 2500 21.0 957
1.5 1130 21.5 776
2.0 -710 gg.o 227
2 =-1110 . -
- o
ﬁ-S 30 23.5 -4 0

.0 95 .0 -32]4.
b5 360 2.5 41
g;g 322 25.0

. 9 . ég%
6.0 950 26.0 10
6.5 8L41 26.5 60l
11 a8 g o

3 -1 ® -
Bog: - 2%7% -,-‘-3
9.0 1775 29.0 239
9.5 1797 29.5 670
0.0 g%% 30.0 06

. - 30.

11.0 -1%21 31.0 =97
11.5 - 52 31.5 =374
12.27 8 33.2 «-301
12. °
13.0 6%% 3.0 2%%;
iﬁ.s 25 33.5 272
«0 -217 34.0 228
e o A
. '3%8 3 ° -
16.0 -667 36.0 =299
16.5 -378 36.5 -314
17.0 225 37.0 -142
830 37.5 102
. 635 38.0 282
18.5 29 38.5 248
19.0 =61 39.0 172
19 05 '1086 9. 5 ‘7,4
20.0 =72 0.0 =263
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ELUCIDATION OF THE MOLECULAR STRUCTURE OF SOF,

The problem of elucidating the structure of a
gaseous molecule from an experimental intensity curve 1s
the problem of discovering the lengths and number of
interatomic distances glving rise to the curve; the
connection between the curve and the molecular geometry
is given by equation (56). An obvious procedure, but ine-
direct, would involve calculation of theoretical intensity
curves using equation (56) for various models of the
molecule; the calculated curve most closely agreeing with
the experimentsl curve would correspond to the model
having the most nearly correct parameter values. A more
direct method would seem to be one by which the ex-
perimental curve could be analyzed for the number and
magnitudes of the distances going into it. Both of these
methods are used in practice, the direct method for the
purpose of establishing preliminary distance values from
which a reasonable model of the molecule can be deduced.
The more sensitive indirect method 1s then used for re=-
fining the parameter values.

The direct method involves calculation of a radial
distribution function from the experimental intensity
curve, This function has as ordinate a quantity related

to the probability of finding two atoms a distance p apart
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and as abscissa the variable pr; distances corresponding
to internuclear separations thus appear as peaks on the
curve, The theory of the calculation may be summarized
as follows. A function r2D(r) may be defined as
representing the product of the scattering powers of two
volume elements a distance pr apart. The total scattered

intensity from a molecule will then be expressed by

(26, p. 659=661)

o0
L5 kjﬂ/ Diny dese At dre (57)
o

which upon inversion becomes

0
!
A Dy = K_/\I‘b Ao o v d (58)
o

Substitution of I from equation (56) into (58) and
performing the integration reveals that the peaks of the
radiasl distribution curves are Gaussian in form. In a
caleculation using experimental values I’, the integration
of equation (58) is done numerically (26, p. 659-66l) using

the approximate relation
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r Doy =3 T, abreare (59)

uhefe the constant has been neglected.

The first step in the elucidation of the SOF6
structure was to calculate a suitable radial distribution
function according to equation (59). The first
calculation was done using I, + exp (-as?) with g =
6 x 10°4 1n place of I in order to give better con=-
vergence of the Fourler series. The calculation was
programmed for the Alwac III<E digital computer (the
programming is described in the last part of this thesis)
and carried out at intervals AA = 0,5 over the range
0.5 £ 8 < 45.0. The resulting preliminary curve (shown
in Figure XXI) contains two obvious errors largely aris-
ing from errors in positioning the background to obtain
I, 1) positive values of rD(r) at r < 1.0 A cannot
correspond to any interatomic distance and 2) negative
values of rD(r) have no interpretation. Some noteso-
obvious errors due to background positioning are also
present which take the form of spurious peaks in the
ranges of r which might well contain real peaks.

Identification of such spurious peaks is difficult, but
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may often be accomplished by computing a second radial
distribution function with more rapid damping of Ig:
spurious peaks tend to disappear while real peaks simply
become shorter and broader, After ldentifying certaln
of the errors in the preliminary rD(r) curve for SOFg s
the connection between these errors and the background
of the I, curve was established, a corrected background
introduced and a second I‘ curve prepared. The radial
distribution curve corresponding to this second Is curve
is shown in PFigure XXII (the numerical results are given
in Table VII) and it is seen to be much improved.
Figure XXIII shows the experimental intensity curve II
and Table VIII gives the numerical values of these data.
The next step was the deduction of the approximate
geometry of the SOF6 molecule from the distance spectrum
given by the radial distribution curve. On inspection
it was clear that a model of SOF6 consisting of five
fluorine atoms and an O«~F group bonded to the sulfur
atom in an octahedral configuration could qualitatively
account for all peaks of the curve. For example, assuming
the approximately octahedral configuration shown in
Figure XXIV, a S-0-F¢ bond angle of 108°, and a staggered
configuration of Fy relative to F, and F,, the large peak
at 1.53 A may be assigned to all the bond distances of
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TABLE VII
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TABLE VIII
SOF6 EXPERIMENTAL INTENSITY II

8 Ig s Is
0.5 2110 21.0 915
1.0 2026 21.5 730
1.5 34 22,0 78
" 2590 o 25t
§f§ -212 zﬁ'o -375
ﬁfo 165 2.5 =17
A S
6.0 796 26.5 539
6.5 166 27.0 78
7.0 -Z?l %-5 "3(2)2
8.5 614 29.0 171
9.0 1522 29.5 602
lg.g 16%7 38.0 639
11.0 1332 gi's -§§§
11.5 -706 32.0 35l
R R - S

g8
3ep o3 s XS
1.5 -l-g 35.0 -133

% =350 36,0 -5%2
16,5 =401 37.0 =147
17.0 215 3;.5 101
1%33 8 38,0 282

' B 38.5 2L8
18.5 ZK% 39.0 172
1 .O - e e
13.5 -1113 g.g -gé%
58?% géi &f:% T =16



TABLE VIII « Cont.

90

s IJ 8 I,
41.5 227 4.0 -102
OO 69 05 "138
ﬁg.s ﬁOB ﬁ%-O -278
L43.0 160
43,5 =38




Y AXIS

A AXIS

FIGURE XX1V
COORDINATE SYSTEM USED FOR SOFg

T6



92

the molecule (the different bond distances are too close
to be resolved), the peak at 2,18 A 1s due to the inter=-
actions F3."F1.2.h.5’ F6"‘F1.2’ Fl"'FZ,S’ FZ“'FI,M’
0...F1'2'h.5, and S..sF¢, the peaks at 3.10 and 3.35 A
are due to Fé"'Fh.5’ Fl"'Fh’ FZ"’FS’ and 0...F3. and
the peak at 3.90 A is due to F6...F3.
Having established the configuration of the
molecule as octehedral, it remained to discovered values
of the structural parameters giving an acceptable fit to
the radial distribution and experimental curve.
Investigation disclosed that a symmetrical model (all
bond angles except the S-0-Fg angle equal to 90°) could
not be made to give as good a fit as slightly distorted
models. The number of parameters necessary for the
description of distorted models is, of course, much
greater than for a symmetrical model and the structural
problem for SOF, was thus more difficult than it might
have been, Indeed, small distortions of quite different
types could certainly be found which give about equal
quality fits. Because of this complexity, the work of
elucidating the SOFy structure was devoted to obtaining
a good fit to the data for a distorted model which pre=
served as much symmetry as possible., The parameters to

be adjusted were thus held to a managable number,
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The procedure was to calculate and compare theo-
retical radlal distribution curves for various models of
the molecule with the experimental radial dlstributioa
curve, and for those cases where apparently good agree-
ment was obtained, to calculate the more structure
sensitive theoretical intensity curves for comparison with
the experimental intensity curve II (see Figure XXIII),
The calculation of a theoretical radial distribution curve
first required calculation of the several interatomic
distances corresponding to the model having the desired
parameter values; second, calculation of individual
Gausslan peaks corresponding to each of the distance terms;
and third, summation of the several Gaussian peaks to give
the desired result, The calculation of the interatomic
distances was achleved by establishing x,y,z coordinates
for each atom in the particular mocdel of the SOF6 molecule
and solving the usual distance equations expressed in
terms of these coordinates. The geometrical parameters
chosen for investigation were the bond distances S~F3,
S=F; (= S-F, = $-F) = S-FS), 8-0, and 0-Fg, the bond
engles ¢ and © (see Figure XXIV); the noteso=-obvious
coordinates are X = 0, y=A singp , 2z = A cos ¢ for
oxygen and X = 0, y = ~{B cos) ~Acoscp), z =A
cos¢p + B sinX for fluorine (6) where A is the S=0

distence, B 1s the 0-F, distance and X= e-(qo-cb).
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There also exist vibration parameters (the &, , terms)

i
but no attempt was made to investigate them. JThey were
included in the calculation at reasonable values in terms
of Dr., Hedberg's past experience, changes o:vcsasionally
being made when it seemed in order to obtain a better
fit. The calculation of the Gaussian peaks corresponding
to the individual distances was done as follows: The

equation for the Gaussian curve is (2, p. 1311-1317)

2
_Ary)

4.0 (60)
A=A _ e

where A tij is the displacement of the distance /tiy from
equilibrium, If the area beneath the curve is to be equal
to “Zizj/rij where n is the number of distances of length

stiyand the Z's are the atomlc numbers, one may write

(2, ps 1311-1317)

AYea :f-/A CJ(A"-)

2
hZ: 2 ( o0 _(Aﬂvij)
P =) 4-arij Cl
(=3 (Ar;)
X Wa:“,j ’
(61)
- Nz.: 2,
JC
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from which the peak height/XAL=°13 given by

_A,

A =0

= Y\Zi ZJ' / (62)
ey Vo

For each Gaussian a,%;km>uns calculated according to
equation (62) omitting the factor 7r7;r'which was common
to all, These quantities were placed on a convenient
arbitrary scale and the individual peaks plotted out at
0.05 A intervals from equation (60) and summed to glve
the theoretical rD(r).

A total of 20 models of the 80F6 molecule covering

the parameter ranges (see Figure XXIV)

1051 é S-F é 1.58

were tested by calculation of theoretical radial

distribution curves, either wholly or in part. A number

of these gave curves in good agreement with the observed
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curves, and for them theoretical intensity curves were
also calculated (these rather lengthy calculations were
carried out by the Alwac III~E digital computer; the
programming is discussed in the last section of this
thesis) using the equation (see also equation (5l))

] Z'Z. ('-CLQA}'> " j‘() ,
LI => e At A FoLy (63)
I.'J

where n is a weighting factor and has a numerical value
equal to the number of interatomic distances with exactly
the same rij’ The atomic numbers of the atoms may ree
place the (Z-F) terms when the atoms comprising the
molecule are not too different. Comparison of these
theoretical intensity curves with the observed intensity
curve provided a sensitive check on the quality of the
model.

Two of the best fits were given by models 19 and
29, for which the various calculations described above
are presented in detall: the parameters, atomic co=-
ordinates, and interatomic distances are given in Tables
IX and X, the relative Gaussian peak height and vibration
factor constants in Tables XI and XII, the numerical data
for the individual Gasussian peaks and theoretical radial
distribution curves in Tables XIII and XIV, the theoretical



TABLE IX
MODEL 19 COORDINATES AND INTERATOMIC DISTANCES

Values of Parameters
¢ =17°
S = 108°%30"
. = 920
11'3--:3--F1.2 angle = 92
0
F3-S-Fu’5 angle = 90
8«0 = 1,65 &
SeFy = 1.51 2
8-F1,2,,5 = 1+54 K
0-Fg = 1.443 2

Atonm 3 I ]
; 1.0883  1.0883  0.0537
F3 1.0883  -1.0883  0.0537
Fy 0 0 -1.5100
F 1.0809  1.088 0
-1.0889  1.0889 0
0 0 0.2011  1.6377

Fg 0 -1.0896 2.2533



Distance Type

F ...F
86...F

F6oo oF
Fbo:o;l]'::
0 o QFJ{.

TABLE IX « Conte.

Interatomic Distance (X)

3.918
2450

214

2.15

24314
34154
2,194
2.157
2.178
2,178
2.178
2.178
3.079
3.079

98



TABLE X
MODEL 29 COORDINATES AND INTERATOMIC DISTANCES

Values of Parameters
= 2°
© = 108°
[5)
F3-S'F1.2.b,.5 angle o
S0 = 1.64 2

Sy a0 = 13 A
0-Fg = 1.43 &

o

Atom x X z
s 0 0 0
F «1.0819  =1.0819 0
F% 1.0819  -1.0819 0
F2 0 0 =1.5300
F 1.0819 1.0819 0
0 0.0490 1.6390
F 0 -1.2865 2.1281
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TABLE X « Cont,

Distance Type Interatomic Distance (®)
F .O-F 30877
3,158 2.1487
T 2135
0 ¢so® 2.219
0 . iF3 2,266
0 oo F)? 3.IZO
FyeesPd 20,5 2.18
FLe Fo0D 2.16

pe0e l’u ° u
Flooth 3.060

on.oFS’ 3.060
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TABLE X1

MODEL 19 NORMALIZATION OF PEAK HEIGHTS
Distance Normalization Peak Height in a,, X 10h

Constant Arbitrary Units 1]
=0

S°F1,2.h.5 11837.0 30.00 10
s-F3 3018.9 T«65 10
S0 21156,.8 6.23 10
0«Fy¢ 1592.9 4o OL 10
FloooF

gz.-.Fﬁ 2882.6 Te31 15

,4. X 5

F1. [ .Fz 962.0 Zoh-u 15
F3"°Fh.5 1940.1 .92 15
FyesoFy 5 1908.1 Iy 8l 15
Oee th’s 172h05 h037 15
0...F1’2 1607.1 .07 15
F6oo 0F1'2 1007.3 2.55 hs
S...F6 980.,0 2.48 35
FieedF

k.. F‘S* 1177.3 2.98 25
O...F3 510,6 1,30 25
F6"'F ,5 718.1 1,82 45

F3...F6 267.2 0068 60



TABLE XII
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MODEL 29 NORMALIZATION OF PEAK HEIGHTS

Distance Normalization Peak Height in a4 j X 10,4
Constant Arbitrary Units
ngzo
S'F1.2,3.1|-.5 14906.8 37.50 10
S«0 2471.0 6.22 10
FaesoF
P Bt 77 19.47 15
20-0 1’)*
OQQQFI’Z 16&2.0 hols 15
00 . th’s 167603 h.22 15
F6000F1’2 1007.5 205h h.s
s'ocF6 97802 2.“,6 35
F .OQF
P3P 118).2 2.98 25
0000F3 50801 1.28 25
F6...F ’5 71801 1081 h‘s
1.32 35

F3000F6 35209



TABLE XIII

MODEL 19 NORMALIZED GAUSSIAN PEAKS PLUS THE SUM OF PEAKS
(THEORETICAL »D(r))

' 5=F1,2,4,5 ey 5-3 0-Fg rD(r)
1.35 1.1 1.1
1.40 o1 5 3.1 3.7
1.45 .6 3.3 3.5 11.h
1.50 20,2 T+5 1.3 29.0
1.55 8.3 5.1 .7 35.1
1.60 13.4 1.0 3.3 17.7
1.65 1.3 6.2 7.5
1.70 3.3 3.3
1.75 7 .7

FoTg

r gz:F FI-F2 FB.F""’S F3.F1’2 0.?1.2 O.Fh-gs F6'F1,2 SOF6 l’D(r)
2.05 @ 01 05 01 og i'?
2,10 2.5 .8 2.% p P-4 2.4 9.3
2.15 6.3 2.1 e 3.7 he3 21.2
2.20 7.0 243 3.6 o7 o8 3.2 21.6
2.25 3.4 1.1 1.4 2.7 242 1.4 1 12.3
2.30 o7 o2 o2 05 h.O 2 o7 «l 6.6
2.35 3.1 1.4 o5 5.0
2.50 1.1 2.2 1.2 L.5
2.’-‘-5 % 4 2.5 2.1 h-'6
2.50 2.2 2.5 o7
2'55 lou 2.1 305
2.60 o7 1.2 1.9
2.65 o1 5 6
2270 ol +1

€0t




TABLE XIII -« Cont.

OF ° . .

2,90 o1
2.95 N
3.00 1.5 ol
3.05 2.6 5
3.10 2,8 «0
3.15 1.7 103 "‘h'
3.20 .8 1.0 o9
3025 .2 05 1"
3.30 «1 1.
3.35 1.8
3;1}0 103
3.45 o7
;.50 02 )
ogg 01
3 o3
3.90 o7
5,.95 o5
: .00 03
4.05 ol

ot



TABLE XIV

MODEL 29 NORMALIZED GAUSSIAN PEAKS
PLUS SUM OF PEAKS
(THEORETICAL rD(r))

105

b S-F1’2’3’u,5 S«0 0;6 !‘D(I‘)

5 ¢ N

1, a 5 3.1 3.6
-hS 9.1 3¢l 12,5
1.50 29.1 1.2 30.3
1.55 32.7 ol 33.1
1.60 12.5 3.0 15.5
1.65 6.2 Teli
1.70 2.6 2.6

L.'.ZS_P._F oli ol
r  FiF} 2545 o p 0.F F, .F S.F, rD(r)

5 .FZ.h 1,2 h,5 “6°71,2 6
2°°1,5
2.00 «3 3
2,05 2.6 2,6
2.10 10.9 .g 11.3
2.15 19.1 b p 21.5
2.20 12.2 1.8 3.8 o2 19.0
2.25 oly 3.7 3.5 o7 14.3
2430 9 3. 1.5 l.L4 Te2
2. 5 105 2 202 06 uoﬁ
§'u§ 2 e " 11{'3
2.50 1.5 2.5 4.0
2.55 g 2.0 2.7
2.60 od 1.1 1.2
2,65 o3 3
! l.ii

r onF O.F3 Fb.Fh’ F60F3 rD(!')
2.90 o3 *
2.95 1.0 1.0
3.00 1.9 1.9
3.05 2.9 3 3.2
3.10 2.5 ol 3.2
3.15 1.3 1,2 o1 2.6
3.20 5 1.1 «5 2.1
3.25 o7 1.0 1.7
3.30 o1 1.5 1.6
3.35 1.8 1.8
3440 1.7 1.7



F

1.F§

TABLE XIV « Cont.

OQFB Fé.Fh'OS F60F3
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b

o2

e
e % ¢ & ¢ o
Foonn oF
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radial distribution curves are plotted in Figures XXV and
XXVI, the numerical data for the theoretical intensity
curves in Tables XV and XVI, and finally, the theoretical
intensity curves in Figures XXVII and XXVIII. 1In all
models giving good fits the average S<F bond length was
found to be about 1.53 A, in asgreement with the values
found in other compounds, and, although little can be
sald about the relatively weakly scattering O0-F and 8«0
linkages, they appear to be of normalvlongth. The 8-0-F6
bond angle in the better models is 3-4° larger than the
normal oxygen angle, & note-too-surprising circumstance

in view of the possible steric effects occasioned by the
proximity of the F and F1,2 atoms. The diffraction
results suggest that the F6 and Fl,Z atoms are in
staggered configuration.

In conclusion it may be said that the diffraction
results for 80F6 are in agreement with the hypofluorite
structure proposed by Dudley, Cady and Eggers (12, p.
1553-1556), and that the bond distances and bond angles
are about normal. Because the number of structural
parameters for the molecule prohibited exhaustive
investigation it was not possible to evaluate error limits
for the various distances and angles; undoubtedly many

models, differing slightly from the best found in this
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TABLE XV

MODEL 19 THEORETICAL INTENSITY CALCULATION

Arbitrary Arbitrary
8 Intensity Units k] Intensity Units
0.5 1054 2045 12l
1,0 997 21.0 361
1.5 180 21,5 273
2.0 "ugg 22.0 31
§Ig - g.g wl2
° "?81 23. ‘m;
ﬁ.s -58 2345 «106
00 1‘-]-2 .O -!4.8
o5 143 2.5 1
E,O 131 ZE,O 31
. . ol
6.0 396 26.0 11
6.5 126 26.5 120
;00 'hvgg 27.0 17
80 :5%6 égoo - 2%%
8.5 317 28.5 =115
9.0 686 29.0 69
945 594 29.5 193
%0,0 169 30,0 115
Oo - 6 3005 L‘»B
11.0 -638 31,0 -103
11.5 -4 36 31.5 -161
13.0 g%g 32.0 =101
g ,g 10
13.5 153 33.5 72
]J.L.O 'uz 3 .0 39
1.5 -78 3%.5 21
%;.g ~;0 35.0 8
b - 35.5 =26
1600 -230 36.0 72
16.5 -i;{ 36.5 -3%
17.0 37.0 -
%g,g 351 35,3
L] 3 3 L] i%
18.5 86 38.5 91
19.5 s 3905 3
20,0 =269 R0.0 =108




TABLE XV « Cont,

111

Arbitrary Arbitrary
8 Intensity Units 8 Intengity Units
ll-o 05 o '43 «0 -
lu. 0 g’g l,iﬁ L] 5 ‘éﬁ
h»l 05 7% . 0 -l 2
h.Z.O 6 .5 '31"
_QZQE 26 ) .JL]__
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TABLE XVI

MODEL 29 THEORETICAL INTENSITY CALCULATION

Arbitrary Arbitrary
8 Intensity Unilts 8 Intensity Unilts
0.5 1056 20.5 111
1.0 1005 21.0 361
1.5 193 21.5 285
2.0 -Lhi6 22.0 L2
Z.g =601 _ 22.5 =11l
3 =399 23,0 «130
3.5 =16 23.5 -101
o0 16l 2.0 -7l
05 131 2h05 '39
102 25,0 12
?.8 - B9
6.0 418 26.0 159
6.5 153 26.5 0
7.0 - 63 37.0 60
T -0l -1
53 ey £t=3 fzzg
8.5 2 6 28.5 "11
9.0 73& 29,0 70
§3;§ 27 T 7
° ‘Eﬁ 363 —?
11. -653 31.0 -02
110 "'h.].? 3105 "137
12. 1 32.0 -106
_%245 433% 32,5 -28
3.0 37 33.0 43
1&.5 170 3&.5 77
1 .0 "'26 3 .0 7%
1.5 -53 345 L
0 -61 35,0 10
15. =198 35.5 -39
16.0 -293 36.0 -85
16.5 146 36,5 -89
1700 156 3700 ‘32
_1%.5 387 37.5 Sh
16.0 376 38.0 1006
18.5 92 38.5 91
19.0 -296 39.0 17
1905 ’ll-76 905 '63
20,0
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TABLE XVI « Cont,.

Arbitrary Arbitrary
8 Intensity Units s Intensity Units
193 g 13:5 33
41,5 60 100 53
h,Z.O 78 MLOS " 7
42,5 50 45,0 «19
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study would also provide good fits to the experimental
data. It is even possible, though very unlikely, that

a model grossly dissimilar to the natural octahedral
structure could be found which would provide an accept=
able fit to the experimental data. Such a model, how-
ever, would surely corréspond to a bizarre structure and

would be ruled unlikely on chemical grounds,
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ELECTRON DIFFRACTION PROGRAMS
USING THE ALWAC III-E DIGITAL COMPUTER

The computer for which the electron diffraction
calculations were written is the Alwac III-E (1, p. 1=
93) and (19, p. 1=19), an electronic digital computer
capable of handling 16,000 instructions. These
instructions are called words and are stored in cells
(in each cell, two words may be stored) which are grouped
into channels consisting of 32 cells per channel. The
Alwac has two types of channels: 1) working storage and
2) main storage. All computers must use some type of a
circulating loop; in the Alwac the working storage
represents this loop. There are four working storage
channels from which the Alwac obtains its instructions.
The main storage, more commonly referred to as the memory,
has 256 channels.,

The 256 available words in working storage are
numbered hexadecimally from 00 to ff (this counting
system will be explained later). The main storage
channels are numbered from 00 to ff; however, the
individual words in main storage do not receive any cell
number till they are transferred to working storage at
which time they receive the numbers associated with that

working storage channel., The cell numbers (2 numbers per
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cell because 2 words can be placed in a cell) for the
working storages are:
Working Storage 1} 00 to 1f and 80 to 9f
Working Storage II: 20 to 3f and a0 to bf
Working Storage III: 4o to 5f and ¢0 to df
Working Storage IV: 60 to 7f and e0 to ff
Figure XXIX shows the cell numbering in working storage
I. Any main storage channel may be transferred to any
working storage channel and any working storage channel
may be transferred to any main channel, When a channel
transfer 1s desired, one instructs the Alwac to copy a
main channel to a particular working storage channel,
for example working storage III, The instruction, of
course, must be given in a language understood by the
computer., The code number 85 is recognized as "copy"
(a transfer is just a copy operation) from main channel
X to working storage III, Of course, one must also tell
the Alwac which main cheannel 1t is supposed to transfer,
hence this‘channel number must accompany the instruction.
As do many computers, the Alwac III-E‘usas the radix 2
(binary) system for all of its operations, however, in
order to simplify coding the computer is coded using the
radix 16 (hexadecimal) system. Since four binary digits
exactly comprise one hexadecimal digit, an easy conversion

exist between radix 2 and radix 16. For example, the



00 80 0l 81 02 82 03 83
04 84 05 85 06 86 07 87
08 88 09 89 Qa 8a Oob. 8b
oc 8¢ od 8d Oe ge of 8f
10 0 1l 9l 12 92 ;3 93
=T 1 [
14 94 15 95 16 06 17 ' 97 §
N S .
- S
18 o8 19 99 1a 9a 1b ’Qb
Ic 9¢ Id Sd le Qe I f Sf]
FIGURE XXIX

WORKING STORAGE I - ALWAC II-E

61T
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decimal number 30, which has 11110 as the binary equi-
valent, is represented in hexadecimal language as lé.

Thus to transfer main channel le to working storage I1II,
one enters the single word 85le. The Alwac interprets

the word 85le as 1000 0101 0001 1110, since it converts
immediately to binary. This example typifies many of the
Alwac operations,

The Alwac has four reglsters which are used in the
computations. The A reglster is the accumulator and it
holds sums, differences and remainders. The B register
holds multiplicands, dividends and quotients. The
combined (AB) register (not considered one of the four
registers) 1s a double length accumulator with B being
the least significant part and A the most significant
part, The D register holds multipliers, divisors, and
keywords  (used when Alwac subroutines are used). Finally
the E reglster, which is only a halfe-register, 1s a
counting register when cyclical operations are being

used.,
RADIAL DISTRIBUTION PROGRAMS

In electron diffraction there are two main

calculations to be performed. These are: 1) radial

distribution calculation, and 2) intensity calculation,
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Since the radial distribution calculation is performed
first it will be discussed first. The radial distribution
function is given by

2

Hmax A’mm( (—G.A., . 6
/‘CDLA.):ZZ ,.ZA,e Aume A (64)
ij\"\ ‘A'm'm
where
Ls is the experimental intensity curve

a is the temperature factor and is a constant

for any calculation

Tr .
= i’;\—-me/z and is the angle variable

r is the distance in p space and is in
Angstrom units

The calculation is accomplished by summing all contribu=
tions Is at a given r, then changing the r and repeating
the operation until all r values have been included.
Since a normal calculation will have at least 120 values
of r and a minimum of 90 values of s and I, one can
immediately see this 1s a rather extensive calculation.
It thus becomes important to have an optimum program to
conserve computer time,

The terms Is-exp (-asz) are the same for each
cycle over r so 1t is profitable to devise a specilal

program (which is called the data input routinc) to
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compute and then store these products, normally 90-150
in number, for use later, Since electron diffraction
intensity curves and the variable s are always expressed
in decimal, the routine must also convert these to binary.
The Alwac III-E already has a subroutine which performs
this input conversion, It is called the decimal type=-
writer input (DTI) and must be copied to working storage
IV for operation. To actuate the DTI routine, two pleces
of information must be included in a keyword: 1) the
binary scaling of the number and 2) the word address in
the main routine to which the Alwac should return when
the subroutine calculation is finished. Since tne DTI
recognizes decimal points, the scaling gives the number
of significant figures (expressed in powers of 2) to the
right and to the left of the decimal point. Finally,
the DTI also recognigzes the sign given to a number. The
result of the DTI 1s placed in the (AB) register after
which the number is dealt with by the main routine.
Table XVII gives the data input routine for the radial
distribution calculation, The 6304 command tells the
Alwac that main channel 63 will be involved and the Ol
denotes a routine is to be fed into the machine, After
the Alwac has accepted all 32 cells (6L words), it will

store the routine in channel 63, In performing a
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TABLE XVII

DATA INPUT ROUTINE FOR
RADIAL DISTRIBUTION CALCULATIONS

630L
87165008 £1012800 4860871e 67000000
11601000 870bllla 1714570b 00020000
0014000c e7laalOa 8¢707904 00080000
14917570b 7172106 a70e¢6103 00000000
¢30b5713 2f0e5bl5 1,903£502 00200000
¢30£5707 11600019 17101b00 00000000
2201160 alOce71lb 00000000 00000000
81c1718 a30e570f 000e00lec 001400le

gaOO
3 2fl6a5a7
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routine, Alwac starts in cell 00 (this is not strictly
true because the Alwac may be instructed to begin a
program anywhere in the four working storages, but will
follow the order given) reading first the left hand word
then the right hand word, proceeds to cell Ol, works
thus down the column to le¢ where it jumps to cell Ol.
The process continues until a 1b command (stop command)
is reached.

The data input routine operates essentially as
follows. First the DTI 1s called down to working channel
IV and loaded with the keyword for a from the main
routine. The Alwac will ask for input of g in declimal,
the number being terminated by a space (the only way the
DTI can recognize the termination of a number), and
finelly a (in binary now) is stored in cell 17 to be used
shortly. The next few commands are necessary to perform
the proper cycling necessary to correctly store the
eventual product Ig*exp (-asz). The DTI is now loaded
with the keyword for s from the main routine, the
number s . is entered in the computer and g stored.

The cycle is repeated for the Is corresponding to the g
just previously given and at the completion of which the
Alwac will ask for one character. Thils character is just

a dummy character to allow a carriage return to be punched
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where preparing tapes of g and Is data: when tapes are
checked it is much simpler to check a column of numbers
than it is to check a row of numbers. The next step is
to square g8 and then multiply 32 by a. aaz is made neg-
ative and the exponential subroutine is copled to worke-
ing storage IV. The exponential subroutine is loaded in
a fashion similar to the DTI. Exp (-as2) 1s placed in
the (AB) register by the subroutine and this quantity

is immediately multiplied by Ia' The result is stored

in cell 0., The DTI is again called down and the routine
jumps back to cell 14 in preparation for computation of
a new value of I *exp («as?). This time the result is
placed in cell 4l. The cycling is continued 32 times,
that is, until I *exp (-132) data have completely filled
working storage III, At this point, the Alwac leaves

the cycle, coples working storage I1II to main channel 68
and then types out the number 68 to signify that channel
68 now has data in it. The routine jumps back to cell 10
(for proper E register counting) and the first cycle
starts over again., After 32 more I *exp (-as?) values
have been calculated and stored in working storage I1II,
the contents of the storage are copled to main channel 69.
The number 69 is then typed out by the Flexowriter. This

procedure continues until all data are in main memory.
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The data input routine, the data output routine
and the rD(r) routine (to be discussed shortly) all assume
the date I *exp (=as?) are stored in main channel 68<6f
(8 channels) and each routine will start storing or ex-
tracting information from channel 68, The latter two
routines will stop after:

1) the number 8 has been counted down to zero
by the E register

2) s has been reached (data output) or

max
r has been reached (rD(r))

max
The data input routine, however, is stopped only by
restriction 1; there 1s no provision for use of
restriction 2. Now, only on rare occasion will all eight
channels be used; therefore, this routine will normally
have to be stopped by pushing the clear button., Further-
more, the data will not leave working storage III until
all 32 cells have been filled, and again only on rare
occasion will the data Is'exp (-as?) exactly f£ill the
last channel used. Therefore, in preparing a tape of s
and I' values, one must type enough g and 1g values (let
1s = 0 for the extra data) to completely fill the last
channel,

As mentioned earlier, each time working storage

IIT is copied to a main channel by the data input routine,
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the main channel number is typed out. The reason for
this is the following. Remembering that the routine

asks for 8, I_, and then a dummy character, and also that

s
an input to the DTI is terminated by a space, one can see
that the space following I4 can not be checked by typing
out the tape. I1If a space has been forgotten after one
value of Is’ the DTI would then interpret that value of
Is’ the carriage return, and the next g value all as Is’
This type of error 1s extremely easy to make and, of
course, ruins the calculation. Since one always fills
the last channel used, it is only necessary to watch the
tape near the end of the tape and as soon as the last
plece of data goes into the machine, the main channel
where the data 1s stored should be typed out, This serves
as a check on the correctness of the tape.

In any one molecular structure determination,
there usually will be only one or two experimental
intensity curves (Ig), but this curve may be run with
several damping factors g« It is convenlent, therefore,
to prepare a tape of 8 and Ig only, and to type the g
value into the routine each times The following pro-
cedure is used in preparing a tape for the data input

routine.
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1) Depress the punch on button.
2) Press the tape feed button until 3-l inches
of tape is available.,
3) Type s,;,, terminate with a space.
) Type 1, corresponding to the g in step 3,
terminate with a space.
5) Type carriage return.
6) Repeat steps 3,4 and 5 until all s and I
values are on tape.
One must be sure that the number of g and Is values 1is
32 times the number of main chennels to be used,

The following is the procedure for using the data
input routine. It 1s assumed that the data input routine
is stored in main channel 63 and a tape of the data is
available.

1) Place tape of data (s and Ig) in the tape
reader,

2) Push the clear button,

3) The Alwac will ask for five characters:
type 6300 followed by carriage return,

I4) The Alwac will ask for one character (and
continue to do so until a space is given):
type in the g value in decimal,

5) The Alwac will ask for one character: push
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the start read button.
6) After all data is in, push the clear button.

It 1s useful to have some sort of additional check
on the data just stored by the data input routine. For
this reason, a data output routine for radial distribution
calculations was devised, This program simply types out
the g values followed by the corresponding values of
I *exp (-asa) with sign. In order to do this, the Alwac
has to convert the stored binary number to a decimal
number. There 1s available a subroutine called the
decimal typewriter output (DTO) which uses keyword notation
similar to the DTI, However, the DTO uses valuable come
puter time in converting binary numbers to decimal, If
only the decimal equivalent is wanted (no decimal point),
there is a command (fS5cX where X is the number of digits
to be typed) which does this conversion much faster., In
this data output routine, both the DTO (for.g values
where decimal points are desired) and the decimal equive
alent (I *exp (-882) where the decimal point is not
needed) are used, The routine requires the entering of
Smaxs A4 , and 8., at the beginning (these must
correspond to the values used in the data input routine)
following which it causes Alwac to type out the stored
data. The process begins with the contents of the first
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cell of main channel 68 and stops when s = s The

R
overall cycling procedure is similar to the data input
routine. Table XVIII gives this routine.

The following is the procedure for using the data
output routine (stored in main channel 6l;) for radial
distribution calculations,

1) Press clear button.
2) The Alwac will ask for five characters:
type 6400 followed by carriage return.
3) The Alwac will ask for one character:
type I followed by space.
) The Alwac will ask for one character:
type A4 followed by space.
5) The Alwac will ask for one character:
type 8.4, followed by space.,
In steps 3, 4 and 5 the decimal numbers are used. The
machine will stop when finished.

The most complicated of all programs 1s the radial
distribution calculation., This uses two working storages
for the program plus a third working storage each time an
answer 1s typed out., The equation which is actually
calculated is

] :
s Dy = ; ; IA Ao A (65)



TABLE XVIII

DATA OUTPUT ROUTINE
FOR RADIAL DISTRIBUTION CALCULATION

6L.0l

871e5703 11600000 £5¢L791b 00030000
5b081160 0200209 £702791f 00200000
000e000c 570b7840 611el91f 00000000
%820170& 0e00allly 651dldla 00080000
70£8270 41130¢00 570b1798 80000000
¢30f5707 ebl73200 5701790 00002710
871fc30b d5001102 1b000000 01680000

Sb05791f 00000000 00000000 00000000
a0

Zu 9decae2?

131
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where

i = I *exp (-as?)
The program computes rD(r) at each r value by summing over
all s; at the conclusion of this operation, & new r is
generated by adding A to the first value and the operation
repeated, If there were 90 g values and 120 r values
(these are reasonable numbers) there will be 10,800
computation of sine alone. At an average of 250 millie
seconds per computation of sine by the available sin-cos
subroutine, this one calculation would take L5 minutes.
It was thus lmportant to try and shorten this computation.
Consider the trigonmetric identities

sin (x + y) = sin x cos y + cos x sin ¥y

sin (x = y) = 8in x cos y - cos x sin
Y 7 (66)

by addition

sin (x + y) = 2 8in x cos y = sin (x = y)

(67)
Letting X = rs and y = r-AA one obtains
sin r(s +44) = 2 sin rs cos r-AL =
sin r(s =a X ) (68)

and letting s + A4 = g  equation (68) becomes
sin rsy, = 2 sin rs _, cos r-Ab -

sin rs__, (69)
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Equation (69) is a recursion formula which allows
sin sr, (for r = constant) to be calculated from the two
previous sine terms. This represents a large saving of
time compared with the subroutine since a single
multiplication (sin-cos term) requires 17 milliseconds
and addition and subtraction only a couple milliseconds,
When the absolute value of sin rs, becomes small, there
is a possibility that equation (69) will promote
significance thus causing rather large errors if used
for a long enough time; therefore, each sin rs, that is
calculated, after storing, is given a positive sign and
compared with the number 0,01l. If the absolute value of
sin rs, is less than 0,01, the program calls down the
sine-cos subroutine and calculates this particular sin rs,
via the subroutine,

The program generates P in and computes cos rmidAA’
via the cosine subroutine, sin r . s _o and sin r , 8, 4
via the sine subroutine and stores the results. Then
sin r ., 8, (where s, 1s 8,3, for the first cycle) is
computed, compared with 0,01, multiplied by I; and this
result stored. The cycle then repeats for rin®nel and
the result added to the previous I;-sin roindne The
cycle continues until all s values and 1} values have
been used, The program then calls down a small output
routine to working storage III (this is not the same
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output routine discussed earlier) which causes Alwae to
type out r , and the corresponding rD(r) value. The
program then jumps back and generates a new r (now Py ¥
4rc), calculates cos (rm_'_l-AA,), sin r .48, o, 8in
Pre18n.1 and cyeling repeats. Table XIX gives the radial
distribution calculation,

The following is the procedure for using the rD(r)
program (stored in main channel 60, 61 and 62), This
assumes the values of I; are already stored.

1) Push clear button.

2) The Alwac will ask for five characters:
type 6000 followed by carriage return.

3) The Alwac (using the DTI) will ask for six
pleces of data which are entered in this
order:

a) A followed by space

b) rnax f0llowed by space

¢) rpin followed by space

d) A A followed by space

e) 8p.x followed by space

f) sy, followed by space
The Alwac will stop whenp = r ...

Before proceeding to the intensity calculation
some minor points should be cleared up, At the bottom
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TABLE XIX

ROUTINE FOR RADIAL DISTRIBUTION CALCULATION

6000
8361871e
572e5b0¢
1160&8%0
001440088
17848706
28004937
793c613a
293c673b
10%
al085b2l
1lel40028
alOce539
572£4139
e660a302
61371121
00000000
00000000
6200
871£5b48
793¢1160
021403Le
Sb5L4T7937
11600000
06020058
794L1£702
11900000
3a00

14051b00
h13de73e
al085b0d
11600011
al02¢532
79314923
67346734
49235736

49377923
61344923
653eldbl
17075722
179e8562
11400000
00000000
00000000

52000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

60 6¢l195edb
61 1,288fb55
62 59ffe087

e32al123
e73¢calo8
SbOellel}
al0c000e
572ach3a
7923613d
119231702
572bec322

00000000
00000000
00000000
00060000
00000000
00020000
00000000
00000000

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

84705733
D
e732a

67384139
¢5384939
2¢006527
ld2ch123
e73¢ll20

00000000
00002815
00080000
00000000
00200000
00000000
00000000
00000000

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000



136

of each of the programs shown in Tables XVII, XVIII and
XIX, there is a 3a00 command followed by a series of
hexadecimal numbers. In Table XVII, it is 63 2f1l6a5a7.
The 3a00 is a tally (via tape) command which tells the
Alwac to add all the numbers in the channel to be gilven,
as channel 63, The number 2fl6a5a7, then, is the sum of
all the numbers in channel 63, This is very useful in
that it provides a quick check by the operator to see if
the program is still in main memory. Another check 1s
the manual tally of any channel: the operator (after
pushing the clear button) types "tally" then a space,
followed by, for example, 606l and a carriage return.
The Alwac will type out the tallys of maln channels 60
through 6l Many times the tallys will not check when
one wishes to do a calculation and the routines must be
placed in main memory. Since all programs are on tape
(with the correct main channel on the tape also) it is
only necessary to place the proper tape in the tape
reader, press the clear button, and press the start read
button. When the program is in the computer, press the
stop read.

Lastly, a few words should be said about the toggle
switches on the control panel. For all the programs so
far described, all switches should be in the normal position
(this is not the case for all the tapes which are used in
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electron diffraction calculations).
INTENSITY CALCULATION PROGRAMS

The intensity calculation, like the radial
distribution calculation, is composed of three separate
programs: 1) the data input routine, 2) the data output
routine and 3) the intensity calculation. The calcu=
lation to be carried out has been developed earlier in

this thesis and 1s given by

<
I (—QL' A" ) *
wTa =S Al &0 7 s ary (70)
¥

J'(A‘J

where Aij = nZin. The programs will be discussed the
order given above.

The data input routine for the intensity calcu-
lation is more complicated than the data input discussed
- in the rD(r) section: it actually consists of two routines
called the normal and single input routines., When all
new data are to be used, a tape will normally be pre=-
pared and one will use the normal routine; however,
other times only one or two parameters may be changed
from a previous model and to avoid the inconvenlence of
preparing a whole new tape for such a minor change the

single input routine can be used. Another factor leading
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to complications of the routine 1s the fact that the
numerical values of the molecular parameters may have a
range of 107 so that different scaling factors must be
loaded into the DTI for s, a8, r, A and a quantity n (n
is the number of different interatomic distances. The
number of different r values may or may not equal the
number of different g or A values in one particular
model). Briefly, the routine accepts a set of decimal
numbers, most of which are values of structural para=-
meters for the molecule but some of which are used to
control the routine, converts these decimal numbers to
binary, stores them in working storages II and III, and
finally copies working storages II and III to main
channels 56 and 57. The following denotes the location

of the various quantities in the working storages.

cell 20 Smin
cell 21 Smax
cell 22 Y
cell 23 n
cells 24-37 r
cells 38eLb

cells lc«5f A

There are 20 cells each for r, & and A and the location

of a given r and 1ts associated a and A must correspond;
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that 1s, if r goes to cell 2l, the corresponding a and
A values are respectively in cells 38 and lc. The inten=-
sity calculation uses the number n to determine which
cell to find r and its corresponding g and A, so 1if the
data are not placed correctly on the tape serious errors
will result, To determine where the first values of r,
a, and A are located, subtract (n-l) from 37, 4b and 5f.
The next r, a and A values are found in the next higher
cell numbers, the last r, g and A always filling cells
37, 4b and 5f respectively. Anything may be placed in
the remaining cells because they are not used, but
normally zeros are placed there,

The following 1s the procedure for preparing a
tape for use with the data input routine (the routine is
stored in main channel 51),

1) Type 5100 followed by carriage return,

2) Type in the decimal numbers in the following
order: Spins Space, s .., Space, AA
space, n, space, then 20~-n zeros each
followed by a space, then the wvalues of
ryy terminating each with a space. Follow
a similar procedure for g and A.

When the normal data input routine 1s desired (data

on tape) the input procedure is as follows.
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1) Put data tape in the tape reader.
2) Place jump switches 1 and 2 in the normal
position,
3) Press the clear button.
i) Press the start read button.
The Alwac will stop when all data is stored.

The single input routine requires the operator to
type in the cell number, scaling, decimal number, and
finally a carriage return., The single input routine may
be selected instead of the normal input routine by
correctly setting the jump switches on the computer
control panel: the sequence of commands for the normal
input is thus jumped over and the single input sequence
entered (the single input routine begins in word 8e).

The procedure for using the single input routine
(stored in main channel 51) is the following.

1) Place jump switch 1 to jump.

2) Press the clear button,

3) The Alwac will ask for five characters:
type 5100 followed by carriage return.

ly) The Alwac will ask for two characters:
type the cell number to be corrected.

5) The Alwae will ask for two characters. If
the quantity to be corrected is
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a) Spins 8pax? A& » type Oe
b) n, type 10
e) r, type 12
d) a, A, type 1l
6) The Alwac will ask for one character
repeatedly untll a space is received (DTI):
type the decimal number,
7) The Alwac will ask for one character: type
carriage return, The entry of one plece
of new data has been achieved at this point
and the computer is ready to accept an
additional entry. The procedure is repeated
beginning with step l.
8) With the last piece of data to be placed
in the computer and anytime before step 7,
place jump switch 2 to jump. On pressing
the carriage return key, these changes and
the unchanged data are copied to main
channels 56 and 57. The machine now stops.
Step 8 is important because if something goes wrong during
an intensity calculation, usually all data in working
storages II and III are ruined. With the data also stared
in mein memory, one only has to copy 1t back to working
storages II and III and proceed., Table XX gives the data
input routine for intensity calculatlons,
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TABLE XX

DATA INPUT ROUTINE FOR INTENSITY CALCULATION

5104

871e138e 9235704 00280000 L90b5bOb
57105b0¢ 5b091160 48601795 11600000
11600000 00120011 8b568d57 00000000
0006001y 00140000 1b002800 00000000
00030000 48381705 £102a710 £101150a
1,823178L, 57025bld 611f490f 1180000
5blell60 11600000 2800£102 0000000f
00180001 00140006 a710611b 49000000
2a0

51 9dfbf18ec
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The data output routine for intensity calculations
serves the same function as the data output routine for
the rD(r) calculation; that is, as a check to see if the
data are properly stored., Like the data input just dise
cussed, the data output is in two parts. These are
called the normal and single output routine.

The normal routine for the data output simply types
out, in decimal, the data stored in working storages II
and III with the ald of the DTO, The same variation in
the numerical values occur here so different scaling
factors must be loaded into the DTO for each g, n, r, &8
and A, This is accomplished by the main routine, The
following 1s the procedure for using the normal data oute
put routine (stored in main channel 52) for intensity
calculations,

1) Set jump switches 1 and 2 to normal,
2) Press the clear button.
3) The Alwac will ask for five characters:
type 5200 followed by carriage return.
The Alwac will stop when the last plece of data has been
typed out.

The single output routine is normally used after

the single input routine has been used. As in the data

input, the single output routine 1is more complicated to
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use because the cell number of the data desired and the
cell number of the correct scaling factor must be glven
to the routine, The cell number for the scaling factor
will only vary between s, n, r, a and A. The following
is the procedure for using the single output routine of
the data output routine,

1) Set jump switeh 1 to jump.

2) Press the clear button.

3) The Alwac will ask for five characters:
type 5200 followed by carriage return.

}4) The Alwac will ask for three characters:
type the data cell number as the first two
characters and a space as the third
character.

5) The Alwac will ask for two characters. Type
one of the following:

a) 1b if s min OF &N is desired

max?® S
b) lec if n is desired
¢) 1d if pr 1is desired
d) le if g 1s desired
e) 1f if A 1s desired

The desired piece of data will be typed out
immediately and the process may be repeated

by returning to step L.
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6) Press the clear button to stop the routine.
Table XXI gives the data output routine for intensity
calculations.
The intensity calculation evaluates equation (70)

< =
for 8.,, = 8 =

” as follows. First, spq, 1s

max
multiplied by the first r stored in working storage II
(the r with the smallest cell number) and then the sine
subroutine is used to evaluate sin SminTi §* The sine
subroutine places the result in the (AB) register where

it is immediately divided by r This result is stored

14°
for later use. s8,:, is squaredf multiplied by the 8 j
corresponding to the ryy used (the a3y with the smallest
cell number), and the product given a negative sign.

Exp (-aijsz) is computed by the exponential subroutine

and the result multiplied by sin s This product

min®1§°*
is multiplied by the Aij corresponding to the previous

rij and ‘15 and the result is stored. The cycle now re~
peats using the next rij’ aiJ and Aij values (respectively
stored in cells 37-(n=2), Lb=(n=2) and 5f«(n-2)); this
result is added to the previous result and the sum stored.
The cycle continues until all data have been used. The
DTO is then called down and 8,1 Typed out, a dso0
instruction is given which types out the sign of sIs,

and finally a fScli instruction which types out the decimal
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TABLE XXI

DATA OUTPUT ROUTINE FOR INTENSITY CALCULATION

520l

8711302 £5025b09 2800f103 7913£702
570fe¢30f 7911160 a504L1d96 11020000
78204909 00000000 2800£102 0000000a
781b3600 7913702 4,d8e7900 00050000
79056117 1710570f 670b3a00 01680000
1;905a708 1784100 00037900 00010000
00141101 00140000 00141160 020e0404
OZ%OOZOd 02120504 00140604 03140204
3a00

52 elifabb02
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equivalent (no decimal point). One is not interested
in absolute peek heights, only relative peak heights,
so the decimal equivalent 1s quite satisfactory. After
output, the routine cycles back and repeats the above
process for B + AAd 5, continuing to cycle until s =
- after which the Alwac stops. Table XXII gives the
intensity calculation program.
The following is the procedure for using this
routine (stored in main channel 50).
1) Press the clear button,
2) The Alwac will ask for five characters:
type 5000 followed by carriage return,
The Alwac will stop when g3 = s ..
The radial distribution program is a versatile,
reasonably efficlent, and quite general program and it
meets all foreseeable requirements. Any possible work
toward improving this program will doubtless be aimed &
improving its efficliency, that is, at cutting down
computer time., The intensity program, however, while
versatile, is not so efficient as might be hoped nor is
it as general as will be required for some work, A
program general enough to meet almost all needs will

have to permit the use of variable coefficients
(corresponding to (Z-F)i(Z-F‘)J in place of the Aij'”)
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TABLE XXII

ROUTINE FOR INTENSITY CALCULATION

5004

28004917 ¢3051lely ¢1001160 791££702
7920871f 00000009 55000006 79206122
5b0c1160 5705ea38 all2e713 49206721
0200210 ¢513870b 6602102 1d001b00
2800£783 4120e720 61174917 00000000
57234120 al0a0000 1790e00 00000000
6380000 eblical0b eblba320 09¢c40000
87065b05 2f0c5b06 d500f5c¢l 01680000
3a00

50 fp0o8L41T71
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and the inclusion of an additional factor, a cosine
term, to take account of the phase shifts which may
occur in the scattering process when the molecules

contain atoms of quite different atomic numbers,
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