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Part 1
STRUCTURES OF IC1, ReF6. XeOF4 AND Pt(PF3)4 BY GAS PIIASE
ELECTRON DIFFRACTION



INTRODUCTION

Recent advances in electron scattering theory have
shown that it is advisable to alter the current routine of
data analysis in gas phase electron diffraction when atoms
of large atomic numbers (ZY 40) are present in the molecules
under investigation. The first part of this thesis states
the results of investigations on four molecules containing
heavy atoms: ICl, ReFg, XeOF, and Pt(PF3)4.

First, relevant equations and physical concepts will be
presented. In particular, emphasis will be on the incorpora-
tion of recent electron scattering theory into routine
analysis of data gathered by gas phase electron diffraction.

Gas phase electron diffraction is the electro-optical
analogue of light optic Frauenhoffer diffraction. In elec-
tron diffraction an electron gun and a magnetic lens replace
the light source and dielectric lens of the optical set-up.
In light optics, diffraction customarily occurs when light
waves are scattered by some barrier placed in their path,
whereas in gas phase electron diffraction a 40 kilovolt beam
of electrons is diffracted by a gaseous sample.1

Intensities of scattered electrons as a function of
the scattering angle are recorded on a photographic plate.
This set of data is then retrieved from the plate by means
of an automated recording microdensitometer.2

The resultant intensity which has been obtained from



the photographic record of the scattered electron waves is
given by the following formula

Itotal(s) = I1 atom(s) + I2 atom(s) + I3 atom(s)

where higher order scattering terms have been neglected. In
the above equation, the total intensity, Itotal(s)' is

expressed as the sum of a one atom scattering term, I1 _tom(s).
a

a two atom scattering term, I, atom(s). and a three atom

scattering term, Iq atom(s).

One atom scattering is analogous to single slit diffrac-
tion in the case of light optics. In the present formulation,
(s) is given by3

L (s) = kS e ()% + (47a2s%)s,(s))
1 atom =1 i o i *

This represents the contribution to the total intensity of

I1 atom

the individual atoms of a particular N atom molecule scat-
tering separately.

In the above equation, K is a constant term dependent
on experimental conditions and is of little use in the pres-
ent treatment, N is the number of atoms in the molecule,
fi(s) is the elastic electron scattering factor for the i th
atom, s is the scattering variable equal to (4T /A)sin(@/2)
where A is the wavelength of the electrons used in the beam
and ¢ is the angle between the scattered electron and an un-
deflected electron, S(s) is the inelastic x-ray scatter-
ing factor and a, is the relativistic Bohr radius which is
equal to‘hZ/Zme2 where i is Planck's constant divided by 21,
m is the relativistic mass of the electron and e is the charge

of the electron.

The one atom intensity falls off very rapidly with in-



creasing values of s. In the limit of the kinematic approx-

imation, fi(s) can be written as4

,fi(s),2 = (4/a§sa)(zi - Fi(s))z.
The atomic number of atom i is Zi and its x-ray atomic
scattering factor is Fi(s).

In the actual processing of the data, the one atom
intensity contribution is readily calculated. Numerous
tables and approximate analytical expressions exist for the
computation of f(s), F(s) and S(s).S

The two atom intensity contribution is given by6

b NS
I, atom(s) = 21("5° J'fi(s),' fj(s) cos(?]i(s)-ﬂj(s))
X }(P..(r)(sin(sr)/sr)dr
o J

and represents the interference between waves scattered by
pairs of different atoms. The phase shift of the scattered
wave is 7{(s) and the probability that the internuclear
distance from the i th and j th atoms lies between r and
r + dr is Pij(r)dr.

The expression for the three atom intensity is very

nearly given by7

= ] 3 2
I3 .comtS) = 2K£;£;£;Re((1ékrij)fi(si)fj(sj)
X f;(s)exp(-LLSZ/Z)(l - 1}6(5)52)
' Jo(srjk[l - €(s)) Sinaijk)}-
The geometry associated with a particular ijk combination

is illustrated in the following diagram.




In the preceeding equation, J0 is the Bessel function of
2 2
zero order, 1y and 1; are the components of the mean square

amplitude of vibration of atom k relative to a point o

parallel and perpendicular to Tiye and s, , S and €(s) are
defined as follows:

N = |A|s

sj = ll -JL’S

S

= (rjk/;ij)cosuijk
14
= (1/2ef N -£5(s,)/8 5(s )
+ 2650 )E/()/E (s (s;) - ECs;)/E,(s))

The three atom intensity expression corresponds to the

m
1

-fact that the scattering of electrons by any atom pair can
be appreciably altered by the presence of a third atom. If
this third atom has a high enough atomic number, a signifi-
cant amount of multiple scattering takes place. Thus for
molecules containing an atom or atoms of large atomic number
and provided that sin® is sufficiently large, the three
atom scattering contribution to the total intensity will be
of sufficient magnitude to warrant its inclusion into an
accurate analysis of the intensity data.

The threc atom scattering term can be looked upon as a

I2 atom(s)'
since I4 atom(S) contains no new peometric parameters which

correction to the two atom scattering term,

are not in some way included in I (s). Later in the

2 atom

thesis, details of the effects of I (s) will be brought

3 atom
out by the comparison of structure studies which did not
include three atom scattering theory and more recent work

which took into account the newer theory.



In the least squares analysis of the experimental

intensity data, the ratio Itotal(s)/I (s) is used.

1 atom
The rationale for this approach is that the rather well
known electron distribution in the molecule is taken into
account and one is left with only the problem of unravelling
the molecular structure. The result of dividing Itotal(s)
by I atom(s) is to obtain the reduced intensity function,

M(s). The reduced molecular intensity function is given by
M(s) = [t ca1$s) 11 acomts)] -
[12 atom(s) + I3 atom(s)J /Il atom(s)

= NZ atom(s) + Mg atom(s).
(s) and »

(s) are interpreted to be the contri-

M2 atom 13 atom

bution to the reduced molecular intensity function by the
two and three atom scattering terms respectively.

One is now left with the step of drawing a background
function, IB(S)' through the oscillatory intensity data to
represent an experimental one atom intensity function,

(s). In practice, a more sensitive plot is obtained

1 atom

(s), is

1 atom(s)'
Provided that the electron distribution doecs not differ much

if the total experimental intensity function, Itotal

first leveled by dividing it by the theoretical 1

from that corresponding to a superposition of spherical
atoms, this IB(S) should then be smooth and free from any
details arising from the electron structure of the atoms
making up the molecule.

Specifically, M
8

2 atom(s) is given by the following

formula.
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M = .i{ -
2 atom(S) 2{: wc.lju.lj(s)cos(n.l(s) Rj(s))
x Pij(r)(sin(sr)/sr)dr
where
W e
Cij = 4325/8,(Z + 7)) ,
U (s) = {z; - Fi(s)}{ Zg - FJ-(s)J'S’;(Z].L +2,)
- . 2
X 1/"143'{5{[/“1 - F.l(s)] + z.ls(s)}.
Except for small values of s, qij(s) is fairly constant and
nearly equal to unity for molecnles containing only atoms of
low atomic number. However, for molecules containing an
atom with a large atomic number, uij(s) can differ consid-
erably from unity.
Since a theoretically reasonable expression for the

probability function, Pij(r)' does exist, (s) can be

M
2 atom

summarized as follows:
N

N
(s) = ZX}Ebéijuijcos(aqij)exp(-lijSZ/Z)
x Sin{S[rij + p((s)_.]}‘/srij .

In the above expression, 1ij is the mean square ampli-

tude of vibration between the i th and j th atom, rij is the

Hy atom

center of gravity of the radial distribution funection
P.lj(r:)/r and ¢(s) is a factor which takes into account the
phase shift of the molecular intensity curve from a sine
curve at larser s values and is a sensitive measure of the
vibrational anharmonicity,

In order to maximize the apreement between theory and
experiment and to deduce a structure, a least squares re-
finement procedure is carried out on the intensity data.

The analyses to be reported in this thesis are all based on



least squares treatments of the reduced molecular intensity

function.

IC1 STRUCTURE STUDY

A. Introduction

A study of iodine monochloride was undertaken for two
reasons. The first was to examine a simple molecule contain-
ing an atom of large atomic number in order to assess the
adequacy of one and two atom scattering theory to account for
the experimentally observed intensity. When this study was
oripginally undertaken in early 1971, there was no adequate
theory to rationalize the disagreement between current theory
and experiment in the case where a heavy atom was present in
the molecule under investigation.

The second reason for this study was to familiarize the
author with the technique of gas phase electron diffraction
data analysis. With a simple system, concepts and methods
are more easily prasped whereas with a larger and more
complicated molecule the fine points are often masked on
account of the large numbers of structural parameters and
their associated correlations.

8. Experimental Procedure

The electron diffraction unit used to obtain the raw
intensity data was the one located at the University of Mich-
igan. Details of its construction have been discussed before
in the literatnre.lo

Diffraction patterns produced by the scattered electrons
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were recorded on 4" x 5" Kodak klectron Imase Plates. 1In
order to compensate for the rapid fall off of intensity with
increasing scattering angle, a heart-shaped 48 mm radius
rotating sector whose angular opening was proportional to
the cube of the sector radius was employed.

Data were taken at two different camera distances:; 21 cm
and 11 cm. The distance from the center of the .27 mm diam-
eter nozzle tip to the photographic plate was measured with
a travelling microscope after each and every experiment.

A sample of ICl was obtained from Mallenkrodt Chemical
Company. During the experiment, it was contained in a spe-
cial glass ampoule and the flow of sample to the diffraction
chamber was repulated by a teflon stopcock built into the
container. All experiments were performed with the IC1l
sample at room temperature. The vapor pressure of the sample
was never measured due to the compound’s extreme reactivity
and toxic nature. lHowever, with a beam current of .56 micro-
amps vapor pressure was sufficiently high to produce usable
data after 4 seconds exposure for the 21 cm camera distance
and roughly 12 seconds for the 11 cm camera distance.

Four plates from the 21 cm camera length and three plates
from the 11 cm camera length were selected for analysis. The
records of the scattered electron waves were retrieved by a

semi-automated recordine, microdensitometer.11

The plates
were spun about their centers during the microphotometering
in order to average out emulsion grains. Readings were taken

at .25 mm intervals while scanning completely across the plate
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from ripght to left.

Data from all plates of a particular camera distance
were treated separately. From raw voltage data the absor-
bances, A, were obtained and then converted to exposure, E,

by use of the relation:

= A(1 + ajA + aZAZ + a3A3)

where
(11 = 0.1
Uy = 0.133
g = 0.002

C. Treatment of Data

Experimental leveled intensities, Io(s). were derived
from exposures in the conventional manner. Table 1 gives the
experimental s, Io(s). and background function, IB(s). for
each camera distance.

The elastic and inelastic scattering factors and phase

shifts computed by Schafer, Yates and Bonham12

were used
throughout the analysis.

The determination of the bond length and mean square
amplitude of vibration for ICl was done by a least squares
ref inement procedure on the intensity data. At first, the
data for each camera distance were treated individually.
After a suitable background had been determined, the data
from both camera distances were allowed to combine and over-
lap so as to form a composite reduced molecular intensity

- o._
function extendinp, over the range 4,5 2 14{5%38.3 A 1,

D. Results of Study on IC1l
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The final values of the bond length and mean square
amplitude of vibration are listed in Table 2 along with the

results of earlier spectroscopic investigations by other
13,28

workers. In Figure 1, the experimental and theoretical

reduced molecular intensity function and their difference

are illustrated.

In order to calculate the rP bondlength listed in Table

ol

1 from the spectroscopic equilibrium bond length, Lo given

13

by Townes the following formula was used9

rg =T, + 3a13/2 + 13a31,4,/12
where a is the anharmonicity and 1% is the root mean-square
amplitude of vibration reckoned from the equilibrium posi-
tion, S and can be given for a diatomic molecule by the

formula9

2
lo = h/8n%uqe.

In the above equation, h is Planck's constant, { is the
reduced mass of the molecule and G% is the vibrational fre-

quency. The value fortqP is listed by Herzberg28 and 1; can

be easily calculated by using the following expression.9

12 = 12 + 3221372 - s59aM15/32.
From Figure 1, it is seen that the arrecment between .

theory and experiment is good. Therefore one and two atom

scattering theory is adequate to account for the data.
ReF6 STRUCTURE STUDY

A. Introduction

In order to examine the applicability of the three atom
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scatterinpg theory to routine analysis, to test the theory's
accuracy and to investigate the sensitivity of derived mo-
lecular parameters to inclusion of this correction, the
structure of rhenium hexafluoride was redetermined. The
reason ReF6 was chosen was that it contained a heavy atom
and possessed simple octahedral symmetry. Furthermore, up
to that time, no complete molecular structure determination
had been carried out using a least squares refinement which
took into account three atom scattering.

Spectroscopic evidence indicated Oh symmetry14 for ReF6
and previous work by Jacob and Bart:ell15 on the gas phase
electron diffraction data, which did not take into account
three atom scattering, also indicated an octahedral symme-
try. Thus the only geometric parameter needed to define the
structure completely was the Re-F bond length.

When the structure was initially done by Jacob using
an Oh model, certain discrepancies appeared when a detailed
comparison was made between the theoretical and experimental
reduced molecular inteasity functions. At that time, it was
not known what was responsible for these systematic incon-
sistencies which were observed to have a periodicity roughly
corresponding to cos(srRe_F).

After they had derived an analytical expression for the

16 . .
> examined the cosine

three atom scattering, Wong and Bartell
component associated with the zeroth order Bessel function

occuring in the three atom intensity formula in as much as

J(x) T (LX) (sin(x) + cos(x))
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where in this case

X = stk(l - €(s))sinw
They reasoned that the largest single contributing ijk com-
bination occuring in the three atom expression was the

configuration corresponding to I in the following diagram.

For configuration I,&equals 90°. Thus the argument
of J, is nearly equal to SRjk since the (1 - €(s)) term is
almost unity within the range of the experimentally obtained
intensity data. Because the two atom electron scattering
term already contains a sin(sr) term for the Re-F bond length
it was plausible to assume that the scale factor in Jacob's
original structure determination, which took into account
only one and two atom scattering terms, had already partially
absorbed the sine component of the zeroth order Bessel func-
tion which occurs in the expression for the three atom scat-
tering. Since the sine term was at least partially absorbed
in the conventional analysis, this left only the cos(srjk)
term which showed up in the earlier work as a close approx-
imation to the observed difference between theory and exper-
iment,

There is however another ijk combination which calcula-
tions show contributes a significant amount to the three atom

intensity. That configuration corresponds to 1I in the pre-
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cedinp diarram. For [T, th: sine term is not absorbed in a
systematic way in the conventional analysis because the SRjk
sin@ term (equal to % the F--F distance in this case) does
not correspond to any bonded or non-bonded distance.

The three atom contribution of configurations I and II
to the reduced molecular intensity function (with the sine
term for I suppressed) is plotted in Fipgure 2. Also drawn
on the same graph is the difference between theory and
experiment as observed by Jacob. The apgrecment between the
two curves is pood and is evidence that the three atom theory
can at least, in the case of ReF6. account for the earlier
irregularities observed between theory and experiment.

The Fourier sine transform of the calculated three atom
scattering contribution (with the sine term for 1 suppressed)
is plotted in Fipgure 3. On the same graph is the previously
obtained experimentally observed residual - the difference
between the theoretical and the experimental radial distri-
bution function.

B. Reanalysis of the Intensity Data for ReF6

Althourh the calculated three atom contribution closely
resembled the previously obtained residuals in the reduced
molecular intensity function and radial distribution function
the comparisons in Fipures 2 and 3 suppressing the sin(srRe_F)
term cannot be riporous because the two atom and three atom
sine terms are modulated quite differently by atomic phase
shifts. Therefore a decision was made to reexamine the pre-

viously gathered intensity data. With this data, a new
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analysis was performed which included the three atom theory
from the very beginning.
Previous work on ReF6 indicated that Bonham and Ukaji

phase shifts.17 Heisenberg and Bewilogua inelastic scatter-
19"

ing fFactorsl® and FRe(s))andlfF(sﬂ given by Bonham and Cox
were suitable., However for the current work, the scattering

20 were found

factors computed by Schafer, Yates and Bonham
to be satisfactory.

A least squares method was employed to determine the
molecular parameters giving the best fit between experimental
and calculated intensities. A current program used in least
squares analysis was modified to include three atom scatter-
ing theory.

A new but not significantly different background
function, IB(s). was obtained for the 21 cm and 11 cm camera
lengths previously reported by Bartell and Jacob. After a
suitable background function had been obtained, both sets
of data were blended to form a composite experimental reduced
molecular intensity function extending over the range
5.3 3-1€s €39.3 371,

Throughout the least squares analysis, an octahedral
geometry was assumed. The number of independent parameters
used to characterize the structure was four; the Re-F bond
length and the mean square amplitudes of vibration whiéh
correspond to to the Re-F bond length and the two distinct
F--F non-bonded distances. The final values of these four
parameters are listed in Table 3 along with values obtained

in the earlier work and results from infrared spectroscopy.
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In the second part of Table 3, the correlation coefficients
for the derived molecular parameters are listed. In Fipgure
4, the experimental and theoretical reduced molecular inten-
sity functions are plotted along with their differnce. Also
included in this graph for comparison is the observed residual
intensity curve obtained by Jacob.

The new values assipgned to the structural parameters
differ little from those determined by Jacob and Bartell.
It is however interesting to note the change in the mean
square amplitudes of vibration for the non-bonded distances.
These are now closer to those values computed from infrared
vibrational frequencies. DBesides improving the aprcement
between theory and experiment, it appears that the inclusion
of the newer three atom scattering theory allows one to make
more accurate comparisons of electron diffraction and spectro-

scopic mean square amplitudes of vibration.

XeOF, STRUCTURE STUDY

A. Introduction

Another molecule which was examined in detail was XeOF,.
Since this molecule contains an atom of relatively large
atomic number, it was thought that the contribution to the
total intensity due to the three atom scattering would be of
sufficient magnitude so as to be actually observed.

Usinp, the technique of gas phase electron diffraction,
Jacob and Bartell determined the structure of Xe0F4.21 They

analyzed the diffraction data without the benefit of any

theory to help account for the unusual nature of the residual
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in the radial distribution function. In Figure 5, this
residual curve is plotted along with the Fourier sine trans-
form of the calculated three atom intensity (only the cosine
component present in some ijk combinations, see Appendix).

The agreement between the two curves illustrated in
Figure 5 is not perfect. However, it is an indication that
the current multiple scattering theory would be able to
account for at least a part of the disagreement between the
experimental and Jacob's calculated intensity. Therefore the
decision was made to reexamine the previously gathered data.
With this data, a new analysis was performed which included
three atom scattering from the very beginning.

B. Reanalysis of Intensity Data for XeOF4

Intensity data to be reexamined was that originally
obtained by Jacob. In this reanalysis, data from two camera
distances was utilized; the 21 cm long camera distance and
11 cm middle camera distance.

The scattering factors used were those calculated by
Schafer, Yates and Bonham.22 Care was taken to insure that
the scattering factors were smcoth as a function of s. This
meant that the results of the computer programs used to
geﬁerate the first and second derivatives of the elastic
scattering factor were closely examined for unusual changes
in sign. This scrutiny was required since these derivatives
were fed into calculations for the three atom scattering
correciion term, €(s).

As with ReF6. a new but not significantly different
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backpround function, IB(s). was obtained for the 21 cm and
11 cm camera distances previously reported by Jacob and

Bartell. After a suitable background function had been ob-
tained, both sets of data were blended to form a composite

experimental reduced molecular fntensity function extending
1

over the ranpe 6.9 (1)\'1\<s \<36.4 (A-

The number of geometric parameters needed for defining
the structure is three; the Xe-0 and Xe-F bond lengths and
the O-Xe-F angle. This cholice of parameters is consistent
with the geometrical constraint of 4-fold symmetry around
the axis defined by the Xe-O bond. The final values of these
parameters are listed in Table 4 along with the values ob-
tained in the earlier diffraction work (using electron dif-
fraction alone) and results from microwave spectroscopy.23
In the second part of Table 4, the correlation coefficients
for the derived molecular parameters are listed. In Figure
6, the experimental and theoretical reduced molecular
intensity functions are plotted along with their difference.
Also included in this graph for comparison is the observed
residual intensity curve obtained by Jacob in the earlier
work.

As shown in Table 4, the results of the new analysis
which included three atom scattering calculations indicate
a structure which differs little from that obtained earlier.
As was observed for ReF6, the mean square amplitudes of

vibration for the non-bonded atom pairs are closer to those

computed from a study of microwave frequencies. Though
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improving to a small extent the appearance of the AsM(s)
curve, inclusion of the newer theory again allows one to
make more accurate comparisons of the electron diffraction

and spectroscopic mean square amplitudes of vibration.

Pt(PF3)4 STRUCTURE STUDY
A. Introduction

After a study of ReFg and XeOF, was completed, a new
molecule of non-octahedral symmetry was wanted in order to
further test threc atom scattering theory. Pt(PF3)4 was
chosen because it had an atom of relatively large atomic
number, an obvious non-octahedral geometry, a very high
vapor pressure at room temperature and was available from
a commercial source in a pure state,

The determination of the structure from the intensity
data was done two times. In the first analysis of the data,
no three atom scattering was included in the calculation of
the theoretical reduced molecular intensity function. In the
second analysis of the same data, three atom scattering
corrections were included. The basis of the current study
was to test whether or not the inclusion of multiple scat-
tering corrections significantly improved the agreement
between theory and experiment and to determine its effect
on the derived molecular parameters.

B, Experimental Procedure

The electron diffraction unit used to obtain the raw

intensity data was the one located at the University of

lichigan. Details of its construction have been discussed
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elsewhere in the 1i.teraturc~.24

Diffraction patterns produced by the scattered electrons
were recorded on 4" x 5" Kodak Electron Image Plates. In or-
der to compensate for the rapid fall off of intensity with
increasing scattering angle, a 44mm radius heart-shaped
sector whose angular openinpg, was proportional to the cube of
the sector radius was employed.

Data were collected at two different camera lengths:

21 cm and 11 cm. The distance from the .27 mm diameter
nozzle tip to the photographic plate was measured with a
traveling microscope.

A sample of Pt(PF3)4 was obtained from Pressure Chemi-
cal Company. The purity of the sample was given by the
manuf acturer to be at least 93% with the remaining being
made up of arsenic dissolved in the liquid Pt(PF3)4. No
further check of sample purity was made.

During, the experiment, the compound was contained in
a plass bulb equipped with a cold finger and ground glass
stopcock joints. The flow of sample was regulated by a
Monel valve located between the pglass bulb and the diffrac-
tion chamber. All experiments were performed with the
Pt(PF3)4 sample contained in the cold finger of the glass
bulb at a tempecrature of -30°C. This temperature was held
constant by keeping, the cold finpger suspended in a bromo-
benzene slush bath.

The vapor pressure of Pt(PF3)4 at -30° C was measured

directly over mercury and was found to be approximately 4 mm.
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This vapor pressure was sufficiently high to produce good
data after 16 seconds exposure for the 21 cin camera length
and 60 seconds exposure for the 11 cm camera length for a
beam current of .56 microamperes.

Three plates from the long camera distance and four
from the middle camera distance were selected for analysis.
The records of the scattered electron waves were retrieved

by a semi-automated recording microdensitometer.25

The
plates were spun about their centers during the microphoto-
metering in order to average out emulsion grains. Readings
were taken at .25 mm intervals while scanning completely
across the plate from right to lefrt.

Data from all plates of a particular camera distance
were treatcd scparately. frrom the raw voltase data, absorb-
ances, A, were obtained and then converted to exposures, E,
by use of the following relation,

E = A(1 + agA + aZAz + a3A3)
where

g = 0.1

Ay = 0.01333

tg = 0.002
C. Treatment of Data

Experimental leveled intensities, Io(s). were derived
from exposures in the conventional manner. Table 5 gives the
experimental s, Io(s) and background function, Ig(s), for

each camera distance. The background functions for the two

camera distances were kept constant durinpg the structure
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determinations.

The elastic and inelastic scattering factors and phase
shifts calculated by Schafer, Yates and Bonham22 were used
throughout the analysis. Care was taken to insure that the
elastic scattering factors were smooth as a function of s.
This meant that the output of the computer programs used to
generate the first and second derivatives of the scattering
factors were closely examined for unusual changes in sign.
This scrutiny is required since these derivatives are used
in the calculation of the three atom scattering correction
term, €(s).

The determination of the bond length and mean square
amplitudes of vibration for Pt(PF3)4 was done by a least
squares refinement procedure on the intensity data. At
first the data for each camera distance were treated indi-
vidually. After a suitable background had been determined,
the data from both camera distances were allowed to combine
and overlap to form a composite reduced molecular intensity
function extending over the range 6.6 2-1€s€39.3 ?\'1.

D. Results

The final values of the bond lengths and mean square
amblitudes of vibration derived from both structure studies
are listed in Table 6. In Figure 7, the experimental and
theoretical reduced molecular intensity functions are plotted
for that structure determination which included three atom

scattering corrections. However, the sM(s) function for

both studies in included for comparison.
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No attempt was made to determine the barrier of rota-
tion for the tctrahedrally oriented PF3 proups with respect
to each other. The present compound was assumed analogous
to Ni(PF3)4. When the latter's structure was determined by
gas phase electron diffraction, essentially free rotation

of the PF3 fAroups was found.26

For Ni(PF3)4. the computa-
tion of the scattering from a freely rotating model was done
by adding up contributions from configurations obtained by
rotating the PF3 groups in steps of 15°.

In the current study, the PF5 groups were assigned a
tetrahedral orientation about the central Pt atom and were
not allowed to rotatc. They were initially pgiven a twist
about the Pt-P bond which gave a spectrum of long F--F and
long, P--F distances wliose spread was similar to that calcu-
lated for the rotation of the PF3 froups in 15° increments.
Assigning, values from .2 % to .5 2 for the long F--F distance
root mean square amplitude of vibration had no noticeable
effect on the arreement between theory and experiment. Thus
this particular vibration was piven the value of .2 3 for
both structure determinations.

The results of this study do not differ significantly
from those obtained by Marriot, Salthouse and Ware who also
determined the structure of Pt(PF3)4 by pas phase electron
diffraction.27 Thesc researchers used only one and two atom
scattering, and no multiple scattering corrections. For the

o) o)
Pt-P and P-F bond lengths they reported 2.230 A and 1.546 A

respectively and 98.9o for the F-P-F angle. In the current
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study these parameters were found to be 2.229 R for the Pt-P
bond lensth, 1.551 R for the P-F bond length and 98.6° for
the F-P-F angle.

From Table 6, it is seen that the multiple scattering
corrections are small and of the magnitude of the noise in
the data. Including the corrections in the analysis does
bring experiment into better agreement with theory by a
small amount, however. The molecular parameters are the
same in both of the studies except for changes in amplitudes

of vibration of several of the non-bonded distances.



TARILE 1
21 em Camcra Distance Intensity Nata For 1] (D, Sector?)

[} 1,08} 1 (8} L]

4.13% s.2170 8.562
4.259 9.1207 4.685
4.302 $.0057

s 1,0

0.2329
8.2246
¢.2141
8.2071
0.1977
8.1900
0.1874
.103%8
s.1800
0.19290
e.197
8.2008
e.2101
8.2170
8.225)

12.95%
13.07¢
13.1%
1).2319

0.4500

3.194 9.2355
$.017 §.2040
9.440 8.3260

21.217
21.338

12.712
12.833

0.2066

11 cm Camezra Distance Intensity hata For ICtl (l‘ Sector)

[ lo(l) l.(l) s lo(l) Igtm) 1,08} Igim
8.430 17.4955 16.737 17.3963 17.3143 24.011 17.3%91 17,3552
0.663 17.5704 16.96% 17.4020 17.314¢ 25.031 17.3%98 17.)3%58)3
8.09% 17.4207 17.193 17.3732 17.3150 25.2%1 17.3705 17.361%
9.129 17.5031 17.421 17.3477 17.)154 5. 17.3622 17,3649
$.361 17.4393 17.648 17.3119 17.3160 17,3636 17.368%5
9.59% 17.2677 17.875 17,2703 17.3165 17.3731  17.372¢
9.026 17.1462 18.102 17.2572 17.3170 17.3706 17.3768
10.0%5% 17.0778 18.32% 17.2%86 17.)17% 17.3770 17.3009
10.291 17.15S0 19.85% 17.2724 17.3178 17.3782 17.3858
10.523 17.2554¢ 18.782 17.2905 17.3183 17.1826 17.3902
10,758 17.3252 17.)68¢ 19.008 17.328¢ 17.3187 17.3908 17.19%1

10.987 17.4807
11.218 17.5009

19.234 17.3%3724 17.31%2
19.460 17.3607 17.3197

17.4013 17.4001
17.4071 17.4052

11.450 17.59%06 19.605 17.3%7% 17.)320) 27.65%50 17.4129 17.4104

11.682 17.6152 19.911 17.3605 17.3209 27.867 17.43160 17.415%7

11.913 17.831) 20,136 17.3¢48 17.3216 28,08 17.4237 17,4211 17,6317
12.144 17.4120 200361 17.322% 17.3228 26,299 17.4262 17.428¢ 17,6301
12.37% 17.2972 .30 20.59% 17.312) 17.323) 20.%1% 17.4337 17.4321 17.6448
12.606 17.2209 17,3026 20.810 17.2%78 17.3242 17.437¢ 17.6509
12.037 17.1746¢ 17.3750 21.034 17.3009 17.3250 17.4402 17.657)
13060 17.2067 17.3658 21,258 17.3059 17.)259 17,4408 17,6636
13,298 17.2628 17.3%61 21.482 17.3183 17.)268 17 4844 17.¢700
13.529 17.3519 17.3464 21.706 17.3300 17.3278 17.4600 17,6764
13,759 17.1688 17.3370 210929 17.3166 17.)209 17,4687 17,6828
13.969 17.44%0 17.3293 22.252 17.3a5% 17.3300 H 17,6092
14.219 17.4532 17.3238 227315 17,3421 17313 17.5988
le 449 17.427% 17.3202 22.598 17,3436 17.3127 17,7010
14.676 17.3682 17.1M 22.020 17.)444 17.))0) 19.507¢
14,908 17.3035 173159 23042 17.3271 17.3160 15,0356
15.137 17.2334 11.314¢ 23.264 17.32)% 17.0078

15.366 17.20358 17.313¢ 237.406 17.323% 17.1)3"

15.%9% 17.2142 17.21)1 23.707 17.3271% 17.3419 30.908 17.768S

15,924 17.232% 17.3129 23.92% 17.33)7 17.3442 39.108 17.797%

16.0%) 17.2737 17.311 26.150 17.3460 17.34¢¢

16.2810 17.3317 17.313% 24.370 17.34%3% 17.3493 32.136 17.5399 12.%278

16.509 17.3622 17.31)¢% 24.5%1 17.)4¢6 17.3%21 12.347 17.3872 17,533
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TABLE 2

A. MOLECULAR PARAMETERS FOR IC1

Current Study Spectroscopyb
o) c
rg(I-Cl). A 2.325(9) 2.3208
o)
1P(I-C1). A 0.049(12) 0.045
6(1,)/T,° 0.0006
B. CORRELATION COEFFICIENTS FOR IC1d
rg(I-Cl) lg(I-CI) R
rP(I-Cl) 1 “0.08 '0007
13(1-01) 1 0.70
R® 1

a) The sipma of intensity is based on a weighting
of the intensity data proportional to sz.

b) The bond length is taken from 'l‘m-mes13 and the
vibration parameter is based on data given in a table
compiled by Herzberg.z8 Both of these molecular param-
eters are adjusted so as to be put on the same basis as
the diffraction results by a method discussed in the
text.

c) All estimated uncertainties include random and
systematic errors and correcspond to 2.56 where 6 is the
standard deviation. Systematic errors for wavelength
and camcra distance measurement and radial measurement
in microphotometer scanning are estimated to be 3, 3
and 2 parts per ten thousand respectively.

d) Matrix clements are given by
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TABLE 2 (continued)
W w w %
Pig = () /[0 00) 5]
where N: is the bona fide error matrix.

e) Index of resolution; dimensionless and equal to

.87 and .84 for the long and short camera distances

respectively,
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Figure 1 DMolecular intensity curves for I1C1l.
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Fipure 2
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Calculated multiple scatterinpy, contribution
to the reduced molecular intensity function
for ReFg (dashed 1line) and the AM(s) which

was obtained by Jacob and Bartell.
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Figure 3

Fourier sine transform of the calculated
multiple scatterinpg, contribution to the
reduced molecular intensity function for
ReFg (dashed line) and the radial distri-
bution function along with its residual

observed by Jacob and Bartell.
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Figure 4
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Molecular intensity curves for ReFg. The
dashed curve is the difference curve which

was obtained by Jacob and Bartell.
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TABLE 3
A. COMPARISON OF MOLECULAR PARAMETERS FOR ReF6

Current? Previous Spectroscopicf
r,(Re-F), 2 1.830(6)° 1.832 ;
1,(Re-F), 2 0.043(5) 0.043 0.039
1,(F-F), 2 0.098(20) 0.116 0.092
1,(F--F), 2 0.058(8) 0.072 0.052
6(1.)/T,° 0.00048 0.00116

B. CORRELATION COEFFICIENTS FOR ReF’
r(Re-F) 1(Re-F) L,(F-F) 1,(F--F) R
r,(Re-F) 1 -0.04 0.00 0.02  -0.01
1,(Re-F) 1 0.37  0.13 0.69
1,(F-F) 1 0.09 0.53
1,(F--F) 1 0.17
R® 1

a) The shrinkages used for the long and short F-F
distances were .007 R and .002 X respectively.

b) The intensity data were weighted proportional to 52.

c¢) All estimated uncertainties include random and sys-
tematic errors and correspond to 2.56" where G is the standard
deviation. Systematic errors for wavelength and camera
distance measurement and radial measurement in micropho-

tometering are estimated to be 3, 3,and 2 parts per 10,000.

d) Matrix elements are given by
i3 = (M), . w vy 1%

where M: is the error matrix. Elements less than 0.01 are
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TABLE 3 (continued)
assigned a value equal to zero.
e) Index of resolution; dimensionless and in the
current work equal to 1.07 and 1.09 for the long and
short camera distances respectively.

f) See reference 14.



Figure 5
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Fourier sine transform of the calculated
multiple scattering contributionito the
reduced molecular intensity function for
XeOF, (solid line) and the residual of
the radial distribution function obtained

by Jacob and Bartell.
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Figure 6 Molecular intensity curves for xeQF,. The
dashed curve is the difference curve which

was obtained by Jacob and Bartell.
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TABLE 4
A. COMPARISON OF MOLECULAR PARAMETERS FOR XeOF,

Current? PreJiousc Spectroscopicg

ry(xe-0), & 1.696(6)4  1.711 1.706
r,(xe-F), & 1.904(4) 1.901 1.903
XO0-Ye-F 92,45°(70)  91.93° 91.8°
1,(Xe-0), 2 0.034(4) 0.036 0.036
1, (Xe-F), 2 0.045(3) 0.048 0.045
1,(0-F), 2 0.080(6) 0.074 0.080
1,(F-F), 2 0.124(10)  0.136 0.120
1,(F--F), 2 0.065(13)  0.067 0.061
G(1,)/1.° 0.00039 0.00074

a) Shrinkages for the O-F distance and the long and
o) o) o)
short F-F distances were 0.002 A, 0.007 A and 0.001 A
respectively.

2 weighting.

b) Sigma of intensity based on s

c) This is Jacob and Bartell's results for the
analysis of the electron diffraction data alone.

d) All estimated uncertainties include random and
systematic errors and correspond to 2.56 where & is the
standard deviation. Systematic errors for wavelength and
camera distance measurements and radial measurement in

microphotometering are estimated to be 3, 3 and 2 parts

per 10,000.
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TABLF 5

21 om Camera Distance Intensity Nata Por PLiPr,1, (l’ fector)

s 1,(8) Ig(s) s 1,1s) 1,t0) ] Igte) .
3.217  1.985% 7.657 1.9535  2.1831 12.067 2.1602 16.429
3.340 1.9496¢ 7.780 2.0124  2.1820 12.189 2.1600 16.549
7.903  2.0790  2.100% 12.311 2.1599 16.669
$.026 2.1446¢ 2.1798 12.433 2.1598 16.790
9.149 2.2051 2.1708 12.354 2.1397 16.910
9.272  2.2%31 2.177¢ 12.676 2.159%¢ 17.030
0.395  2.2905  2.17¢8 12.79% 2.159%€ 17.150
0.518  2.3152 2.17%8 12.920 2.1596 17.270
8.641  2.32%  2.1749 13.041  2.1884  2.159¢ 17.3%0
2.763  2.3389  2.1740 13.163  2.1897  2.15%¢ 17.510
9.086 2.3419  2.1732 13,204 2.1919  2.1596 17.630
9.009 2.3421 2.172) 13.406  2.1931  2.15%7 17.749
9.132 2.3353 2.1718 13,527  2.1%40  2.1598 17.969
9.35¢ 2.3192 2.1707 13,649 2.193%  2.1599 17.989
.37 2.2903 2.1700 13.770 2.195) 2.1600 16.108
9.500 2.2694  2.169) 13.891  2.1%48  2.1601 18.220
9.622 2.23¢8  2.1686 14.013  2.191)  2.160) 10.348
9.745 2.2034 2.1679 14.134 2.1863  2.1605 10.467
$.8¢7 2.1740 2.1673 14.25% 2.1 2.1607 18.506¢
9.990 2.1488  2.1667 14.376  1.167%  2.1609 18.706
10.112  2.1274  2.1861 14.497  2.1558  2.1612 18.828
10,235  2.1102 2.1655 14.618  2.141%  2.1614 19.944
10.3%7 2.09%7 2.16%0 14.739 2.1297 2.1617 19.064
10.479  2.092¢  2.164% 14.060  2.1202  2.1620 19.10)
10.602 2.0721  2.1640 14.991  2.1102  2.1624 19.302
10.724  2.0685  2.163% 15.102  2.1034 2.1627 19.421
10.846  2.0636 2.16)31 15.22)  2.1002  2.1631 19.5¢0
2.1947 10.969  2.0662 2.16€27 15,344 2.0988  2.163¢ 19.659
2.1933 11.091  2.07%7  2.1623 15.465  2.1001  2.1638 19.77¢
2.1919 11.213  2.0997  2.1820 15.50%  2.1051  2.1642 19,096
2.1906 11.335  2.105%  2.1617 15.706  2.1131  2.1647 20,015
2.1892 11.457  2.1227  2.1614 15.927  2.1233  2.1651 20.134
2.1079 11.579  2.1290  2.1611 15.947  2.1369  2.163¢ 20.252
2.1067 11.701  2.1538  2.1608 16.068 2.1518  2.1661 30,371 2.1894 2.1930
2.185% 11.823  2.165%  2.1606 16.108  2.1672  2.166¢ 20.40%  2.1960
7.534  1.0999  2.1943 11.948  2.1740  2.1604 16,308 2.1831  2.1671 20.608  2.2022
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Figure 7

Molecular intensity curves for Pt(PF3)a.
The dashed curve is the difference curve
obtained from aﬁ analysis of the intensity
data for which no multiple scatterine

corrections were applied.
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TABLE 6

A. MOLECULAR PARAMETERS FOR Pt(PF3)4

12 11P
r_(Pe-P), B 2.229(5)% 2.229(6)
r;(P-F). R 1.550(4) 1.551(4)
X Ft-p-F 118.9°(4) 118.9°(4)
1,(Pe-p), 2 0.050(3) 0.050(3)
1 (P-F), A  0.042(3) 0.042(3)
1;(F-—F). A 0.070(8) 0.065(8)
1,(bE--F), R 0.089(3) 0.089(8)
1,(P--F), R 0.123(17) 0.105(20)
1,(P--F), 29 0.186(50) 0.163(45)
1,(F---F), Rd.f g.2 0.2
6110)/T;e 0.0010 0.0012

a) Three atom corrections applied.

b) No multiple scattering corrections applied.
c) Fluorine atoms are on same phosphorous atom.
d) This parameter is rotation dependent.

e) Sigma based on s2

weiphting of intensity.

f) Parameter was not refined.

g) All estimated uncertainties include random and
systematic errors and correspond to 2.56 where 6 is the
standard deviation. Systematic errors for wavelength
and camera distance measurcment and radial measurement
in microphotometering are estimated to be 3, 3 and 2

parts per ten thousand respectively.
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INTRODUCTION

In 1948, Gabor presented the idea for a new kind of
microscope.1 He showed how, in principle, to devise a
two-stage holographic microscope which would be capable of
extremely high magnification. In the first stage of this
microscope, electron beams would be used rather than light
beams to record information about the subject being viewed.
In contrast to ordinary microscopy, no objective lens would
be needed. The amplitude and phase of the wave from the
subject (the subject wave) would be established by super-
posing the wave from the subject upon a wave which had not
interacted with the subject (the reference wave). In the
simplest variant of a holographic microscope, the sum of
these waves would be recorded on a photographic emulsion.
A photographic record of the intensity pattern in the wave-
front is called a hologram.

The second stage would involve reconstruction of the
original subject by passing light waves through the holo-
gram. The magnification realized by such an instrument
would be proportional to the ratio of the wavelength
employed in the second stage to that in the first. Since
electron waves envisioned for use in the first stage of
the apparatus would have a wavelength only hundredths of

an angstrom and light waves employed in the reconstruction
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would have a wavelength of the order of thousands of
angstroms, magnification could easily reach into the
hundreds of thousands, exclusive of other optical factors.
The idea of using electron waves to produce a hologram
has never been developed with complete success although
several attempts to take advantage of Gabor's suggestion

have been published.2

One problem impeding progress in
electron-wave holography is the impossibility of devising
an electron laser., It is not a simple matter with electron
waves to establish with arbitrary flexibility a reference
wave coherent with the waves emanating from the subject to
be studied. The coherence condition requires that in the
first stage of the microscope the reference wave and the
sub ject wave must have the same wavelength and a fixed
phase relation during the recording of the hologram. It

is well known that light beams can be generated with enor-
mous numbers of photons exhibiting an extremely high degree
of coherence and that these beams can be easily split into
reference beams and beams to illuminate the subject. Thus
in past years, attention has switched to a type of holo-
graphy which almost exclusively utilizes lasers.

By using Gabor's original idea, a simplie method for
obtaining holograms of monoatomic gaseous atoms was devel-
oped. In essence, the strong scattering of electron waves
by each nucleus generates a divergent reference beam which
is coherent with the electron waves (the subject waves)

scattered by the planetary electrons in the electron cloud
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surrounding the nucleus. That is, each atom produces its
own reference wave as well as subject wave, and each atom
produces a wavefront at the plane of the hologram that is
the same as the wavefront from every other identical atom.
Figure 8 shows the reconstructed images of argon and neon.
The overall magnification is roughly 500 million with a
resolving power of .08 3.

In order to lessen the possibility of confusion, it
should be pointed out that in this experiment the atoms
were moving and not stationary as are subjects in the more
conventional laser holographic technique where the reference
beam is also fixed. In atomic holography, each atom, as
was mentioned in the previous paragraph, produces its own
reference beam as well as subject wave and, therefore, the
subject is stationary relative to the reference wave. Since
ecach atom produces its own hologram, and since all of the
holograms are centered on a common origin (the origin of
the Frauenhoffer diffraction pattern of the atoms), all
atomic images are exactly centered on top of each other in
the reconstruction process. Because the images are all
identical and the samples were pure monoatomic gases, the
reconstruction was not degraded by this superposition.

The method used to obtain the pictures of argon and
neon will be discussed in the next section. In addi-
tion, the theory of the recording and reconstruction process

employed in atomic holography will be presented.
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EXPERIMENTAL PROCEDURE

The electron diffraction unit located at the University
of Michigan was used as the first stage of the holographic
microscope. Details of its construction have been covered
elsewhere in the li.terature.4 A well regulated power
supply was used to generate a 40 kilovolt (*4 volts) electron
beam during the course of the experiment. The beam current
was measured directly by a Faraday cup located in the
diffraction chamber and was found to be .56%0.01 micro-
amperes.

The only major modification in the apparatus was a
specially constructed 41 mm radius rotating sector whose
angular opening was proportional to sasec%¢ where

s = (4m/A)sin($/2).
In this equation ¢ is the scattering angle and A is the
wavelength of the electrons which in this experiment was
equal to 0.0605%0.000003 2. The rationale of using a sector
with such an angular opening will be brought out in the
discussion of the theory.

The surface of the heart-shaped rotating sector was
desipgned to sit 4 mm above the photographic plate which
was.used to record the hologram. The sector was constructed
of brass and the sector opening was cut with a pantographic
milling machine within a tolerance of 0.001 inch. The whole
sector assembly was then mounted in a demagnetized Norma-
Hoffman XLS bearing assembly.

5

Chamber pressure was kept between 10°% and 1072 mm Hg
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during, the whole experiment in order to lower the incidence
of extraneous scattering effects. A .27 mm diameter nozzle
made of platinum and located 11.021%0.002 cm above the plane
of the photographic plate was used to direct a fine jet of
the monoatomic pas into the electron beam. Furthermore,

all of the platinum parts of the nozzle assembly were painted
with a graphite suspension which when dried formed a conduc-
ting outer layer that lowered the amount of extraneous
scattering by the heavy metal parts.

The neon and arpon samples were obtained from the
latheson Companv. The purity, according, to the manufacturer,
was at least 99%. 0DNo further check was made of sample
purity. Durings the course of the experiments, the pas
sanples were kept at a pressure of 40-50 mm lin in one liter
flass bulbs equipped with pround glass stopcock joints. The
flow of pas to the diffraction chamber was regulated by a
Monel valve located between the chamber and glass bulb,
I'ressure was sufficient to produce holograms of Ne after
20 seconds cxposure and holograms of Ar after 30 seconds
exposure.

Kodak Electron Imape Plates were used to record the
holoprams. The procedure used for development of the holo-
prams was that recommended by the manufacturer at 63° C.5
This process save holoprams recording information extending
over the range 5.9 R'l\<s \<40.1 ?\._1. Inside this range,
vhere the intensity would theoretically approach zero

rapidly, the slit became ton narrow for accuratc machining
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and it was covered with a mask, accordingly.

In order to enlarge the resultant atomic image, each
hologram, after development, was reduced in dimension by
taking a picture of it and thereby recording a positive.
of the hologram's image on Polaroid Continuous Tone Slide
Film. By this method, the hologram was reduced from a
radius of 41 mm to one of 5Smm (or reduced by a factor of
8.2). Before photographing the hologram, an opaque mask
was laid over the hologram and covered the region extending
beyond the 41 mm radius limit of actual data collection.
This masking insured that all spurious light not associated
with the hologram was prevented from interfering with the
reconstruction.

Reconstructed images were obtained by placing reduced
holograms in a laser diffractometer. The latter is an
instrument which takes the optical transform of any pattern
in its path.6 In its basic form, the diffractometer consists
of a monochromatic, point light source, a positive lens of
long focal length and, in most cases, an eyepiece placed
at the output of the diffractometer. Figure 9 illustrates
in a schematic form the device used.

In the present case, the light source for the laser
diffractometer was a He-Ne single mode laser whose continuous
1 mw output had a wavelength equal to 6328 ?. The laser was
fitted with a diverging lens of focal length -8.6 mm. The
positive lens was a 3 inch diameter achromat (an unnecessary

property) with a focal length of 45 inches. The eyepiece
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was a zoom lens which was used at the 14 mm setting. All
of the optical equipment was obtained from Edmund Scientific
Company.

In practice, the distance from the light source to
the positive lens was set equal to the distance from the
positive lens to the eyepiece, namely 7.5 feet. Photographs
of the reconstructed atomic images were made using the

eyepiece as a projector lens.
DISCUSSION OF THEORY

In the development of the theoretical basis for atomic
holography, an atom is assumed to have an electronic charge
density‘p(?) and a nuclear charge of Z at b equal to zero.

The x-ray elastic scattering factor for a monoatomic sample

may be written as7
F(3) = [exp(i3)-2))p(F)a% (1a)
= [exp(13;-B1)pP(B1)a%5;. (1b)

. b == - -
In the above equation §; equals (ko)l'(ks)l where (ko)1 and
(ﬁ;)l are the incident and scattered wave vectors respectively
in the first stage of the holographic microscope and the
intergration is over the plane in which'ﬁl ranges. The
projected electron density.‘pp(gl). is given by the expression
o
— -

pP(BY) =[p(By, 21)azy (2)
In the above equation.'fFKEH) is the electron charge density
summed from back to front of the atom along the direction of-the
vector (kos)l’ where by is perpendicular to the vector (Eos)l,

The vector (Eos)l is defined as
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(Rogdy =[(Rg)y + (K I/ IR, + (R,
and has a direction midway between the vector (ﬁ;)l and
(?S)l. In Figure 10, the first and second stages of the
microscope are illustrated along with the associated
nomenclature.
For electron waves encountered in the first stage, the
atomic elastic scattering factor is given by the Born

approximation a58

l£(s3)) = (2me?/m2s)[z - F(sy)]. (3)
For a sample of identical subject atoms, the intensity
recorded on the flat photographic plate through a rotating
sector is.

B2 = = 2 3 2

I(b,y) = K&(b,) |£(5))] “cos ¢/L (4)
where K is an experimental constant and is unimportant in
the present treatment, L is the distance from the center
point of the photographic plate (the hologram) to the
origin of the scattered electron waves, gé is the position
on the hologram in relation to its center and 6(32) is
the sector function. Substituting (3) into (4), one obtains

I(BZ) = ZK(Zmezlhz)(icosq¢/L25?){EZ - F(§1)

. 23] 2
(8] + IF(3 <72 ) (5)

where F(§i) is treated as a complex quantity. Since a flat
plate is used to record the scattered electron waves, the
5.
2
and not 1/L2. Therefore, if one were to record data with

recorded intensity as a function of diminishes by 1/L?secq¢

a sector whose angular opening was proportional to Sgsec%t

the preceding equation may be rewritten as
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1(53) = K'[Z - F(3)) - Fx(5))] (6)
where

Kt = zk(2me2/h2)2(1/12)
and where the lF(S&)Iz/z term has been neglected. The term
analogous to |F(§H)|2/2 is customarily neglected in conven-
tional holography. The term does have the effect of dis-
torting the reconstructed image somewhat, however.

A light wave that is transmitted through the hologram

suffers a complex phase shift, X(SE)' given by the expression

x(B5) = n(by) + iu(by) (7)
where n(S}) is the phase shift due to the index of refrac-
tion of the hologram and u(gz) expresses the attenuation
of light by the blackening of the emulsion at S}. In the

-
current treatment, n(bz) is a constant which may be taken

as zero and u(ﬁé) is related to the intensity of the scattered

electrons by a constant, K, such that, neglecting nonlin-
earity in the emulsion response,
-
u(by) = K, [z - F(3)) - F(3))]. (8)
The scattering factor, G(§é). associated with the
passage of a plane light wave, Aexp(ikzz). through the

hologram can, for small angles, be expressed as 9

G(?;'z) = (—ik2/21r)}exp( i.'é‘Z-'BZ){exp[ix(B'Z)] - l}dzgz

= (k,K/2m) fexp(i8,-B,) [u(b, )1a%6, (9)
= Cjexp(i'ézo'gz)[z - F(5)) - F*(g‘l)]dzt’)‘z
= Fref + Fsubj (10)

where

C = szu/Zm
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In this expression, Fref is the above integral with only

the constant Z component and F is the remaining part

sub j
which contains F(§1) and F*(§1). All integration is over
the region in which'gz ranges (the area of the hologram).

For small angles, the radial vector.‘ﬁ, in the plane
of the detector receiving the reconstructed waves in the
second stage of the microscope is

.li = -(Lz/k2)§2.
The scattering factor of the reconstructed sub ject

i 3 -
wave, F (R), in stage 2 as a function of R may be

sub j
obtained by substituting (1) into (10) and equating'ﬁz as
-
The result may be expressed as
(R) = C{exp[i(klelekl)ﬁ-ﬁlj
x[-F(3;) - Fx(3))]d?s)
CJexp[i(ﬁ/M) . gljffjp(gl)[-exp( igl'T;l)
- exp(-13,-3))] a%6,}a%s; (11)

Fsubj

where
M= Lyky/Lk,
= Lodp/ L.
In (11), the integration is over the entire domain of 31
(the range of recorded data) and 31 (the area of the holo-
gram). Equation (11) may be rewritten in the following
manner i
(ﬁ) = CJ}exp[i(ﬁ/M).QIJexp(igligl)
Xfp('t?l)dzﬁldzé‘l
+ Cffexp[i(ﬁ/M).'s'IJexp(-i‘s’l.-l;.l)

Fsubj
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b
xpP(B))a%6;4°3) . (12)
For the purpose of the current work, the Fourier integral

theorem can be expressed as 10

yp(s-) = (1/zn)ﬂexp(iﬁ-.g)exp(-ig.'é)fpcﬁ)dzﬁd?ss (13)
where integration is over the entire domain of s and b,
Therefore (11) is (neglecting the limited range of 3,)

Foup i (R) = zcrr[fp(ﬁ/m) +fP(-f“$/M)] (14)
This corresponds to the superposition of two reconstructed
images; one is the projection of the original subject and
the other the same but inverted. These projections have
been magnified by the factor M = Lzlz/lel. In the present
work, these reconstructed images correspond to the real and
virtual images formed by Fresnel diffraction patterns in
conventional holography. In the present case, the diffrac-
tion patterns are all recorded at the Frauenhoffer limits.
Furthermore, the atoms are, of course, spherical so that
the two imaces are identical and exactly superposed on top
of each other.

The intensity of the reconstruction is proportional
to the square of Fsubj(ﬁ)' Thus the observed intensity,
neglecting distortions and integral termination effects
due to the fact that EE remains finite, is proportional to
the square of the projected electron density. In Figure 11,
a plot of loglocPP(b)/gp(O)]Z versus b is drawn for neon and
argon. The graph was plotted of densities computed from
the atomic wave functions of Clementi and Raimondi based

on Slater type wave functions.ll The numerical integrations
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required in the calculations were carried out on an IBM
360 computer.

Measurements made on photographs of the reconstructed
atomic images indicate the region emphasized is in the
vicinity of the L shell. The images in the current work
fade beyond 0.28 R for neon and 0.17 2 for arron. A
limitation of this general magnitude is to be expected
in view of the fact that the ranpe of the sector (5.9 ®l6<

40.1 3'1) restricts one to the region in which the contribu-
tion of the L shell to F(s) is well characterized but in
which information on the K shell (available at large s
values) and M shell (available at at small s values) is
minimal. Furthermore argon appears roughly half as large
as neon in Fipure 8 because the atomic number of argon is
almost twice that of neon.

The overall magnification, Moralr of the =ntire
system (including, subsequent enlarpement) observed in
Figure 8 is piven as

Meoral = (L222/L12 )Ry /D). (15)
In this equation, LZAZ/lel is the same as before, R” is
the factor by which the hologram was reduced for use in

the laser diffractometer, D, is the focal length of the

C
camera uscd to record the imarse of the reconstructed atom,
DE is the focal lenpth of the microscope eyepiece for the
viewing of the image produced by the laser diffractometer

and ME is the magnification due to enlarpine the original

photograph of the atom.



The optimal resolving rower of this electron-holographic
microscope can be calculated using the Abbe criterion for a
microscope.12 A formal statement of this rule as it applies
to the current treatment for the microscope is

§ = A/2sing (16)
where A is the wavelength of the electron waves used to make
the hologram and ¢m is the maximum value of the scattering
angle in the first stage of the microscope. In the current
experiment, A and ﬁm have values of .06 & and .38 respective-
ly. Therefore the optimal resoving power is 0.08 R. 1t is
in (16) that the enormous advantage of holography over the
conventional microscopy can be seen at once. Since no
objective lens is required in holography, it is possible to
exploit the comparitively large values oflﬁm that can be
attained easilv. In electron microscopy, lens abberations
are so severe that small numerical apertures are required,
dictating values of ¢m between 1 and 2 orders of magnitude

smaller than those used in holography.
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Figpure 8 Reconstructed imares of neon (left) and argon
obtained from the second stapge of the electron

holorraphic microscope.



Figure 9
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Schematic illustration of the laser-optical
diffractometer a) lle-Ne laser, b) -8.6 mm
focal length diverging lens, c¢) 3 inch
diameter, 45 inch focal length positive
lens, d) holopram, e) microscope aobjective

of 14 mm focal length.
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Figure 10
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Schematic illustration of the first and

second stapes of the electron-holographic

microscope and where

-
by

T

"impact parameter"” of first stape
wave vector of incident electron
waves in the first stage

wave vector of scattered electron
waves in the first stage

(k,)q - (Kg)y

scattering anele of electron waves
in the first stape

the vector from the origin to any
point in the plane of the hologram
wave vector of incident photon
waves in the second stage

wave vector of scatterced photon
waves in the second stage

(ﬁo)z - (Ks)z

the vector from the oripin to any
point in the plane of the
rcconstructed image.

camera distance of the first stape
distance of hologram from point

of focus in the second stage.
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Figsure 11 Loy [fp(b)/j p(b)]2 versus b, the impact

parameter,



[0 y/q) J] o

b (a.u)
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APPENDIX
The configurations used to caiculate the multiple
scattering corrections for XeOF4 are shown in the following

iagram.C) )(er }:
>,<;f">F 0—/“"—-\12 )'(é"\
I
IF e
Xe_'—b'— F 2 \F
v VA

For the purposes of comparison to the previous XeOF4

O

structure study, the sine component of the multiple scat- . ._ .
tering correction was suppressed for configurations I and
I1I.since @ so nearly equals 90°. However, during the least
squares refinement of the intensity data, no configuration

was allowed to have its sine component suppressed.

For XeOF, as well as ReFg and Pt(PF3)4. the paralell
amplitude of vibration presented in the three atom intensity
equation was set equal to zero. This expediency resulted in
no significant error since the 1}325(5) term is normally
small and on the order of one part per 100 or less. The

more important 1, term was always approximated by the

~!
(¥]]
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following non-rigorous expression:

)

where

- . 2 2 2
Aw = (I/rjkrijSln”ijk){(rjk - ri;* rik)ljk/rjk

2 2 2
+ (r{y - o + Tidliy/Tiy - 2ri,c i}



