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An Electron Diffraction Study of the Molecular Structure of the Sodium Chloride Dimer
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Abstract

The structure of sodium chloride has been studied by
gas-phase electron diffraction using photographic
plates designed for high-temperature work [Kakumoto,
Ino, Kodera & Kakinoki (1977). J. Appl. Cryst. 10,
100—103)]. The molecular structure at about 1130 K
has been determined by an analysis based on the new
complex scattering factors for Na+ and Cl- calculated
recently by the present authors. The radial distribution
function shows the existence of a considerable amount
of dimer molecules in the vapor. The structures of the
monomer and dimer have been analyzed by a least-

* Present address: Koyo Research Center, Kokubu, Kashiwara-
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T Present address: Setsunan University, Ikeda-naka, Neyagawa-
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squares method assuming that the dimer is of a planar
diamond shape: for monomer r,(Na—Cl) = 2-392
+ 0-028, for dimer r,(Na—Cl) = 2-515 * 0-017,
r,(CI-Cl) = 3.893 + 0.021 A, /CINaCl = 101-4
+ 0-8°. The present study indicates that the Na—Cl
distance of the dimer is longer than that of the monomer
and the determined structure parameters differ
appreciably from existing theoretical predictions.

Introduction

The structure of alkali halide molecules at high tem-
peratures was studied by electron diffraction for the
first time by Maxwell, Hendricks & Mosley (1937).
They determined the internuclear distances in various

© 1980 International Union of Crystallography
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diatomic molecules but did not consider the possibility
that the molecules contained dimers or other polymers.

Bauer, Ino & Porter (1960) determined the
molecular structure of lithium chloride dimer at 1093 K
by electron diffraction. This temperature was nearly the
upper limit for their apparatus, because at higher tem-
peratures the photographic plate was blackened by
extraneous radiation from the sample oven. Akishin &
Rambidi (1960) protected their photographic emulsion
by coating the surface with indian ink and determined
the dimer structure of lithium bromide and iodide.
Structures of various other vapors were studied by this
method (Akishin, Rambidi & Spiridonov, 1967; Tol-
machev & Rambidi, 1973). The dimer structure of
sodium chloride has been predicted theoretically
(Berkowitz, 1958; Milne & Cubicciotti, 1958; Akishin
& Rambidi, 1960; Trugman & Gordon, 1976), but it
has never been determined experimentally. This is
probably due to the difficulty in obtaining well-defined
halo patterns at a temperature as high as 1130 K.
However, a new technique of covering the photo-
graphic plate with aluminium foil has made it possible
to get well-defined halo patterns without fogging, even
at 2800 K (Kakumoto, Ino, Kodera & Kakinoki,
1977). In the present paper, the diffraction pattern of
sodium chloride vapor obtained on this type of plate is
analyzed.

The theory of molecular scattering used in the
analysis of gas-phase structure assumes that each
electron is scattered by only one atom in the molecule.
Since the atoms in sodium chloride are considered to be
highly ionized, it seems more desirable to use complex
atomic scattering factors for Na* and Cl~ than those
for the neutral atoms. In the present study, independent
analyses, I and II, are made on the basis of the factors
for the neutral atoms (International Tables for X-ray
Crystallography, 1974) and of those for the atomic ions
calculated recently (Miki, Ohsaki, Ino, Hata & Sakai,
1979), respectively. The structures of the monomer and
the dimer determined by these analyses are reported.

Experimental

The sample of sodium chloride was a special-grade
reagent with purity higher than 99-9%. An electron
diffraction camera with an 3 rotating sector (Ino,
1953) was operated at 55-8 kV, and diffraction
patterns were recorded with plate-to-nozzle distances of
180-8 and 375-6 mm. The range of scattering angles
covered corresponds to §,;, = 2 and s,,,, = 17 A,
where s = (47/2) sin (y/2), v being the scattering angle.
The photographic plates designed for high-temperature
work were prepared from a Kodak Electron Image
Plate by the procedure given by Kakumoto, Ino,
Kodera & Kakinoki (1977).

The oven was similar to that designed by Bauer, Ino
& Porter (1960). A schematic diagram is shown in Fig.

1. The sample container, 10 mm in diameter and 40
mm in height, and a cone-shaped nozzle were made of
inconel. They were heated by radiation or electron
bombardment from a pair of V-shaped thoriated
tungsten filaments, which were arranged symmetrically
to minimize the influence of the electromagnetic field
caused by the currents on the electron beam. The
temperature of the nozzle and that of the lower part of
the sample container were measured by two Pt/Pt—
13% Rh thermocouples as shown in Fig. 1. The tem-
perature of the nozzle was 20 K higher than that of
the lower part of the sample container. The tem-
perature of the sample container was adjusted to 1130
K (estimated from Chandrasekharaiah, 1967) so as to
get a vapor pressure of about 70 Pa. The nozzle and
the container were surrounded by three radiation
shields made of molybdenum; the innermost shield was
set at a negative voltage equal to that of the filaments,
while the outer two were set at ground potential
(Akishin, Rambidi & Spiridonov, 1967).

The oven was set in the camera and its position was
adjusted with screw spacers so as to set the tip of the
nozzle 0-5 mm from the electron beam. The vapor
emitted from the nozzle was condensed on a copper
trap with a liquid-nitrogen tank and the walls of the
apparatus surrounding the vaporizer were water-
cooled.

Nozzle
Electron beam ——m ———

—=

Insulator w

Ceramic tubing

Thermocouple

Sample container | V-shaped filaments

Radiation shields

Recorder

High-voltage
power supply

Fig. 1. Schematic diagram of the oven.
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The optical density of the plate was measured by a
recording densitometer system. The plates were rotated
at 200-400 r/min during the scan across the diameter
of the halos in order to reduce noise.

The photographic characteristics of the Al-covered
plates have been described (Kakumoto, Ino, Kodera &
Kakinoki, 1977). Three plates with short and three
plates with long camera distance were selected from
sixteen plates and analyzed.

Radial distribution analysis

At temperatures around 1130 K, the amplitudes of
thermal vibrations for internuclear distances are so
large that the oscillations in the intensity due to the
molecular term cannot be detected beyond s = 15 A1,
as shown in Fig. 2. As a result, a constant ratio of the
observed background intensity to the theoretical back-
ground, I, was found in the range s = 15-17 A~

Tog =1 fual? + 1 f12 + 4(Sy, + Sc)/aks?, (1)

where f is the complex atomic scattering factor for
electrons, § is the incoherent atomic scattering factor
for X-rays (International Tables for X-ray
Crystallography, 1974) and a, = h*/(4n*me?). By curve
fitting at several points in this region, the scale factor
for the normalization of observed intensity was
obtained. From the normalized observed intensity, /

g > tot?
the experimental molecular term, M., was derived as

exp?
Mexp = (Itot - Ibg)/Iatm’ )

where I, = | fi,1* + 1 fo!% In terms of the effective

internuclear distance, r,, the effective mean-square

amplitude of vibration, /, and the phase parameter, x,
the molecular term is expressed as (Kuchitsu, 1967)

Mthe(s) = Z Aij‘uij(s)e—lf,szlz
ij

x {sinls(rg; — Ky N srgi;,  (3)

1.5
>
g 10r total intensity
% ------ background

intensity
0-5F
L i 1 L _
0 10 15

S (A-Y)

Fig. 2. The observed total intensity and the refined background (in
arbitrary units).

where

() =1 £;11 fil cos (1, — )/ (| fua 12 + 1 f 1D, (D)

n; is the phase of the complex scattering factor for the i
atom and 4, is a factor specified by both

X = number of dimers/number of monomers (5)

and the number of the r;; pairs in the monomer or
dimer.

The atomic scattering factors for 55-8 keV electrons
of Na and Cl are compared with those of Na* and CI~
in Fig. 3. As seen in this figure and as stated by Miki et
al. (1979), the scattering amplitudes of the neutral
atoms and ions are almost the same except in the
vicinity of s = O and the differences in the scattering
phase 7 are nearly constant and (17, — 1) — (e —
fer-) ~ 0-379 in the region of s > 3 A~

In the region s > 3.0 A-!, where M,,, is used for the
subsequent analysis, the differences between u;; and
constants C;; = Z,Z,/(Z}, + Z¢)) for the Na—Na

Sk Cl- 55-8 keV
\
cl I
4p
g —————— Na*
=z 3
; -~---- Na

SwJT

7 (s) (rad)

S (A-Y

Q)]
Fig. 3. The amplitudes ! f(s)| (a) and phases 7(s) (b) for the elastic
scattering factors of Na and Cl neutral atoms and their ions for
an incident electron energy of 55-8 keV.
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and Cl—Cl pairs are negligible but a considerable
difference for the Na—Cl pair is perceptible.

Since the intensity in the small s could not be
observed because of the dead space of the sector, the
radial distribution curve (RDF), 47arD(r), was cal-
culated in the usual manner as follows:

Smin

4rD(r) =— | sM_,(s) e=="* sin(sr) ds

Smax
+ - f My, (5) e~ sin(sr) ds, (6)
Smin
where M, is a modified function of (3) with g, ;(s)
replaced by Cijand s, = 3, Spay = 14 A~V and a=
0-11. The mtegratlon was replaced by summation over
evenly spaced s values with spacing 4s = 0-2 A",

At an initial stage of the RDF calculation, the
monomeric NaCl structure r, = 2-3606 A, determined
by microwave spectroscopy (Honig, Mandel, Stitch &
Townes, 1954), was assumed to calculate the M, for s
< Spin- Then the background and the trial structure
model for a monomer—dimer mixture were refined by
iteration using the non-negativity criterion for RDF
(Karle & Karle, 1950). To check the validity of this
criterion, non-negativity of a pair function, Q,; (War-
ren, 1969), was confirmed for pairs of both neutral
atoms and ions.

Smin

Q,(x)= f C; e‘“ s? cos(sx) ds

Smax
+ [ w(s)e” ’s* cos (sx) ds, @)

Smin

where x = r — r;;. The Q;; curves for Na*—Na*,
Na*—Cl~ and Cl“ Cl‘ plotted in Fig. 4 show that
negative parts are negligible in comparison with the
peak height.

The final RDF curves obtained in analyses I and 11
are drawn in Fig. 5, where two separate peaks can be
seen. This feature indicates the existence of a consider-

O(Na*—Na*) Q(Na*—CI) o(Cl-—C1)
01 2 3 0123 oM 23
X (A) X (A) X (A)

Fig. 4. Q,;(x) in (7) for pairs of ionized atoms.

able amount of dimer molecules in the vapor. The final
background was obtained with small corrections (less
than 4%) of theoretical /.. Fig. 2 is a plot of one set of
the observed intensity data for short and long camera
distances. The final reduced intensity M, (s) was
obtained for each set of data and the average of the

three sets is plotted in Fig. 6.*

Least-squares analysis

After a model was estimated by matching the
theoretical RDF to the refined experimental RDF

* A list of the averaged M., (s) has been deposited with the
British Library Lending Division as Supplementary Publication No.
SUP 34673 (2 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey

Square, Chester CH1 2HU, England.

1-0
05
0
—— o
/ N ©
0 2 4 6 3@
r(A)

Fig. 5. The experimental RDF curves for analyses I and II and
their differences from the best fit theoretical RDF. (a) RDFe,‘p for
IT; (b) RDF,,, — RDF,,, for II; (c) RDF,,, for I; (d) RDF,,

RDF,,, for L

exp

(s) and the
M, (s) in

Fig. 6. The experimental reduced

intensity
deviations [solid lines in (b) and (c)] Mexp(s)
analyses II and I. In (b) and (c) the inner broken lines indicate the

limit of sensitivity in photometry and the outer chain lines the

exp

limit of errors in M., (s) estimated from three independent sets of

data of reduced intensities.
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curve, sM,, (s) was fitted at s, = mds (4s =0-2, 15 <
m < 68) by a least-squares procedure, as outlined by
Hedberg & Iwasaki (1964), so as to satisfy the approxi-

mate relation

SMexp(s) = kSMthe(s)9 (8)

where k is the index of resolution.

The weight for the least-squares analysis, P, was
determined so as to represent the reliability of the
reduced intensity at each point of s. Since errors of the
photodensities were found to be nearly uniform and
correlation among them caused by densitometry was
considered to be negligible, P was chosen as a diagonal
matrix whose diagonal elements were assumed to be
proportional to the ratio of the densitometer reading to
the reduced intensity.

The dimer molecule was assumed to be of a planar
diamond shape in accordance with the models pro-
posed by previous workers (O’Konski & Higuchi,
1955; Berkowitz, 1958; Milne & Cubicciotti, 1958;
Bauer, Ino & Porter, 1960; Akishin & Rambidi, 1960;
Akishin, Rambidi & Spiridonov, 1967; Trugman &
Gordon, 1976). Hence, the bond distance of the dimer,
rd(Na—Cl), is expressed as

r4(Na—Cl) = 4[r4(Na—Na)? + r4(CI—CI)?]2. (9)

A least-squares analysis was programmed to allow
any of the following nine parameters to vary inde-
pendently: r”(Na—Cl), /™(Na—Cl) corresponding to
the monomer molecule; r¢(Na—Na), rd(CI—Cl),
14(Na—Cl), I9(Na—Na), [4(CI-Cl) corresponding to
the dimer molecule, & and X defined in (8) and (5),
respectively.

The phase parameters were fixed at approximate
values estimated as follows: for the monomer molecule
the phase parameter, x™(Na—Cl), was estimated as
1.31 x 10~* A3 by the following formula (Kuchitsu,
1967)

k=13aldl1 + 8x/(1 + I, (10)
with y = exp (—hv,/k, T) and
12 = (h/87* uv,) coth (hv,/2k, T), an

where 4 is the reduced mass; the characteristic
frequency, v,, was taken as 36-61 mm~! (Rice &
Klemperer, 1957) and the Morse parameter, a, was
estimated to be 1:307 A-! (Honig, Mandel, Stitch &
Townes, 1954).

For the dimer molecule the phase parameters were
estimated by so-called diatomic approximation
(Kuchitsu, 1967). If the potential functions for the
bonded Na—Cl pair and the nonbonded Na—Na and
CI—Cl pairs are of Morse type, the phase parameter, «,
is represented by (10) as well as for the monomer. The
so-called anharmonic stretching of the internuclear

THE MOLECULAR STRUCTURE OF THE SODIUM CHLORIDE DIMER

distance, {4r), can be approximately expressed as
(Kuchitsu, 1967)

(dr) = ial} (12)
and so k can be rewritten as
k=431 + 8x/(1 + )?1{4r). (13)

The effective characteristic frequencies for the Na—Cl,
Na—Na and Cl—Cl pairs were determined by (11) from
the estimated values of /4(Na—Cl), /4(Na—Na) and
14(C1—Cl), respectively. The Morse parameter, a, for
the Na—Cl pair was estimated at 0-94 A-! by the
following formula (Pauling & Wilson, 1935):

v, = (a/2m)(2D/u)'?, (14)

where D, corresponding to the bond energy of the
Na—C] bond, was assumed to be equal to that of the
monomer molecule. Equations (10) and (12) gave
k4(Na—Cl) = 3.6 x 107* A3 and {(4r)(Na—Cl) =
0-039 A. Geometrical relations among the bond
lengths lead to the {Ar) value for the nonbonded pairs
being approximated by (Konaka, Murata, Kuchitsu &
Morino, 1966)

{4ry(Na—Na) = [2(1 + cos §)]*(4r)(Na—Cl), (15)
{4rY(CI—Cl) = [2(1 — cos §)]V2{Ar )(Na—Cl), (16)

where 6 designates /£ CINaCl. Thus, the parameters
k9(Na—Na) and x?(Cl—Cl) were estimated from (13)
tobe 5-2 x 107*and 9-4 x 10=* A3, respectively.

It was necessary to introduce several constraints in
order to obtain convergence in the least-squares
analysis. The error matrix showed that the matrix
elements which represent the degree of correlation be-
tween the index of resolution and other parameters
were significantly larger than the other matrix elements.
Hence, the index of resolution, k, was first fixed at
unity, and the distance parameter, r,;, the amplitude
of vibration, /, o and the ratio, X, were obtained as
follows. Initial convergence was reached by con-
straining all the amplitudes of vibration at their values
estimated from RDF, while varying the distance
parameters and the ratio. Subsequently, these
parameters were fixed at their best values and the
amplitudes of vibration except for the Na—Na were
allowed to vary. The values of r,;, /;; and X were
obtained by iterating these cycles seven times. Then,
the index of resolution, k, was allowed to vary, while
raij» l;; and X were fixed at their final values. Finally,
the parameters for /;; and k were fixed at their best
values and the distance parameters, r;;, and the ratio,
X, were allowed to vary. The results of this least-squares
analysis are listed in Table 1.

The estimation of experimental errors

Experimental errors for the observed parameters
consist of both random errors and systematic errors.
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Table 1. Least-squares results of r,, | and X and their

standard deviations
Analysis I Analysis IT

Monomer

r(Na—Cl) (A) 2-396 + 0-006 2:392 + 0-010
Dimer

rd(Na—Cl) 2.538 + 0-006 2-515 £ 0-005

rd(Na—Na) 3.227 £ 0-013 3.184 + 0-012

rd(Cl1-Cl) 3.917 + 0-009 3.893 + 0-008

£ CINaCl (°) 101-0 + 0-3 101-4 £ 0-2
The ratio X 0-50 + 0-04 0-88 + 0-08
Fixed values

I"(Na—Cl) (A) 0-123 0-120

14(Na—Cl) 0-165 0-165

l4(Na—Na) 0-18 (assumed) 0-18 (assumed)

14(CI-Cl) 0-211 0-244

k 1-000 1-006

(1) Random errors

Random errors are introduced mainly in the pro-
cesses of photography, development and photometry.
These errors can be estimated from the standard
deviation, g, (in Table 1) in the least-squares treatment
and from differences among the most probable values
of the parameters obtained from three sets of plates
(Morino, Kuchitsu & Murata, 1965). Since the latter
differences were comparable with ¢ for almost all the
parameters in this study, 2-5¢ was chosen as a measure
of the random error.

(2) Systematic errors

In the present analysis, probable sources of sys-
tematic errors are drift of the accelerating voltage,
uncertainty in the camera length, sample spread around
the gas nozzle and uncertainty in the phase parameter,
k. The systematic errors are also listed inTable 2.

(@) Error in the accelerating voltage. The drift of the
accelerating voltage was monitored during the experi-
ment by measuring the primary voltage with a digital
voltmeter. The drift was less than 0-3%. Therefore, this

introduces error limits of less than 0-16% in the s scale
or an error of less than 0-0016r, in the bond distances.

(b) Error in the camera length. Three photographic
plates were set in a cassette so as to be perpendicular to
the electron beam. Uncertainty in the camera length
introduces a systematic error into the observed param-
eters. The errors of the L1 measured from the Debye
ring photographs of NaF deposits on a carbon film
were 0-04% for the long camera length and 0-1% for
the short camera length. Accordingly, the error limit is
less than 0-001r, in the bond distances.

(c) Errors due to sample spread around the nozzle.
A finite sample size causes an apparent decrease and
increase in the bond distance and in the amplitude of
thermal vibration, respectively. According to Morino &
Murata (1965), an apparent change in r is determined
by the density of gas molecules along the path of the
primary electron beam as

Ar=—4r/f L2, a7

provided that the linear density p(x) at a distance x
measured along the electron beam from the inter-
section of the center line of the nozzle and the beam is
expressed with a constant 4 as

p(x) = (B/2) exp (—fx). (18)

The g for the NaCl vapor in the present study was
estimated at 0-6 mm~! by the experimental procedure
described in the Appendix. The errors of distances
calculated from (17) for the short camera distance are
listed in Table 2.

(d) Errors due to the uncertainty in the phase
parameter. For the dimer molecule the x values given in
the preceeding section were estimated under the
assumption that the D value for the Na—Cl pair in the
dimer is the same as that in the monomer. Another
assumption that the value of the Morse parameter, a,
for the Na—Cl pair in the dimer is the same as that in
the monomer, i.e. a = 1-307 A1, gives 4.9 x 10~4 A3
instead of 3-6 x 10~* A3 as the x value of the Na—Cl
pair. The uncertainties in x for pairs in the dimer were

Table 2. Limits of error of r, in analyses 1 and 11 (A)

Source of error ra(Na—Cl)
Random error (2-50) Ii 88;22
Drift of voltage Ii ggggg
Camera length I} ggg%g
Vapor spread I} ggggg
Uncertainty of x I} 888;(5)
Total error Ii 88;}2

rd(Na—Cl) rd(Na—Na) rd(C1-C)
0-0138 0-0333 0-0228
0-0123 0-0306 0-0195
0-0041 0-0052 0-0063
0-0040 0-0051 0-0062
0-0028 0-0035 0-0043
0-0028 0-0035 0-0043
0-0003 0-0004 0-0005
0-0003 0-0004 0-0005
0-0105 0-0310 0-0015
0-0105 0-0325 0-0010
0-0180 0-0459 0-0241
0-0169 0-0451 0-0209
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Table 3. Comparison of the structure of NaCl dimer

Present work
analysis II

NaCl dimer

r(Na—Cl) (A) 2-515 + 0-017*

r(Na—Na) 3.184 + 0-045

r(C1-Cl) 3.893 + 0.021

/CINaCl (°) 101-4 + 0-8
NaCl monomer

r(Na—Cl) 2:392 + 0-028
The ratio X 0-88 +£ 0-20

Milne & Akishin & Trugman &
Berkowitz  Cubicciotti Rambidi Gordon
(1958) (1958) (1960) (1976)
2:62 2.51 2-50 2-529
3.07 3.42 2.94 3.579
4.26 3.67 4.05 3.574
108 94 108 89-9

* Errors are derived from Table 2.

roughly estimated at 2-3 x 10~* A3 that is the inter-
mediate value in differences among the x4(Na—Cl) and
the k™ (Na—Cl). The errors of the distances due to this
uncertainty were computed.

Total errors of r, including all these errors are listed
in the last rows in Table 2.

Results and discussion

The final results of the effective internuclear distance,
r,, derived from analysis II are listed in the second
column of Table 3. In Fig. 6 the final experimental
reduced-intensity curve M., (s) and its deviations from
M, .(s) calculated by (3) are shown. The experimental
radial distribution curves are shown with deviations
from the theoretical curves in Fig. 5. As seen in Tables
1 and 3, the structure parameters derived from analyses
I and II agree within their error limits, though the X
value estimated in II is considerably larger than that
estimated in I. In comparison with the value of X =
0-33 estimated at 1130 K from the data obtained by
Miller & Kusch (1956), the X value derived from I
looks more reasonable than that from II. However, it is
difficult to judge from the X values which analysis is
more reasonable, because the dimer to monomer ratio
in the vapor can differ from that in thermal equilibrium.
As the Na—Cl bond in the monomer has 75% ionic
character (Pauling, 1960) and the Na—Cl crystal has
049 (Kittel, 1976), the ionic character of the dimer is
considered to be higher than that of the monomer.
Consequently, from the view-point of current diffrac-
tion theory, II seems to be more acceptable than I, for
the study on the structure of molecules so highly
ionized.

As shown in Table 1, the effective internuclear
distance in the monomer, r,(Na—Cl) = 2:396 A from I
and 2-392 A from II, is significantly longer than the
internuclear distance, r, = 2-3606 A, derived from
microwave spectroscopy.

The amplitude of vibration [/™(Na—Cl) for the
monomer molecule obtained from (11) is about 0-12 A
at 1130 K. This value agrees well with the observed
values in both analyses, 0-12 A.

In Table 3, the theoretical values for the distances in
the dimer are listed for comparison (Berkowitz, 1958;
Milne & Cubicciotti, 1958; Akishin & Rambidi, 1960;
Trugman & Gordon, 1976). The models used by
Berkowitz, Milne & Cubicciotti and Akishin & Ram-
bidi are ionic models based on a planar diamond shape
and that used by Trugman & Gordon is an electron-gas
model of the same shape. In spite of the experimental
errors and the changes in the distances due to thermal
deformation of the molecule, the discrepancies between
the structure parameters determined in the present
analyses and those calculated seem to be significant.

Experimentally, Akishin, Rambidi & Spiridonov
(1967) determined only the internuclear distance of the
Na—Cl pair in the dimer molecule under the
assumption that the dimer gave a damped sinusoidal
intensity distribution. Their value, 2-45 A, differs some-
what from 2-538 + 0-018 or 2-515 + 0-017 A deter-
mined in the present analyses.

The authors are indebted to Mr N. Minami for his
fine cooperation in the computation in this work and to
Dr T. Miura for his helpful suggestion for the dynamics
of the vapor flow from the nozzle.

APPENDIX

In order to estimate the density distribution, p(x), of
the NaCl vapor in the present experiment, NaF vapor
was chosen on account of its low hygroscopicity; the
following experiment was carried out under a vacuum
condition similar to that of the diffraction experiment.
The vapor, whose pressure was about 1-3 x 10? Pa in
the container heated to 1400 K was emitted through
the nozzle onto a cold glass plate placed at 1 and 2 mm
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from the top of the nozzle. The distribution of the thick-
ness of NaF condensed on the plate was measured by
optical interference, where an equal-thickness fringe
pattern of concentric rings was observed on the plate
illuminated with the Na D line.

A study of vacuum evaporation onto a surface from
a point source (Strong, 1958) showed that the thick-
ness f(x) of the film evaporated at a distance x
measured along the plate from the center is given by the
formula

S(x) ocb(x?+ b2)—32, 41
while the vapor density p(x) is expressed as
p(x) oc(x?+ b*)!
and
p(x) oc f(x)/cos 6, 42)

where b is the distance from the source to the plate and
@ is the angle between the normal to the surface and the
line connecting the surface with the source. The
measured thickness distributions, A(x), for plate dis-
tances of 1 and 2 mm were compared with f(x) in
(A1) with b = 1-13 and 2-2 mm, respectively. For
example, #(x) for the plate distance 1 mm and f(x)
with b = 1-13 mm are shown in Fig. 7 by a thin, solid
line and a broken line, respectively. Since the agree-
ment between the two curves is good and the difference
of b = 1-13 mm from the measured distance 1.0 mm is
small, the vapor flow near the nozzle was considered to
be similar to the flow emitted from the center of the
nozzle with an equal probability in all directions. Then,

— o)

h(x)

Fig. 7. The thickness distribution A(x) of the film condensed on a
glass plate at a nozzle-to-plate distance of 1.0 mm, f(x) defined
in (A1) with » = 1-13 mm and the vapor distribution p(x)
estimated along the path of the electron beam 1 mm from the
nozzle. The vertical scales are arbitrary.
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p(x) was estimated as h(x)/cos @, as shown by the
thick solid line in Fig. 7. By fitting this p(x) to (18), f =
0-6 mm~! was obtained.
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