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I. INTRODUCTION
'
~~ ISCOVERY of diffraction and interference

effects associated with the passage of x-rays
through matter very soon led to the recognition
that studies of these effects are useful in deter-
mining the structure of matter. Kork on the
diffraction of x-rays by crystals was initiated
in 1912 with the famous discovery made by
Friedrich, Knipping, and Laue and this field has
been developed extensively' by many investi-
gators to supply valuable information concerning
the arrangements of atoms in crystals. Diffrac-
tion of x-rays by gases was first studied as early
as 1911,' and subsequent work in this field' has
supplied information not only on the arrange-
ments of atoms in molecules, but also on the
electron distributions within atoms. Early work
on the diffraction of x-rays by liquids and non-
crystalline substances dates back to 1913 when
Friedrich' obtained x-ray diffraction patterns of
Canada balsam, paraffin, and amber. In 1916,
Debye and Scherrer' obtained diffraction pat-
terns of several liquids, including benzene, and in

1922, Keesom and de Smedt' reported work of
this type with liquid elements. Subsequent ex-
perimental investigations and theories in this
field have made possible the determination of
atomic distributions in liquids, giving results
which are perhaps the most quantitative means
at our disposal of describing the structure of a
liquid.

Although x-ray diffraction patterns of many
liquids have been studied, the present discussion
is limited almost exclusively to liquid elements.
The early work of Keesom and de Smedt' on
nitrogen, oxygen, and argon supplied valuable
qualitative information concerning the structure
of liquid elements, but the theoretical advances
made by Zernike and Prinss and by Debye and
Menke' supplied a strong impetus to further
study in this field because they offered a quanti-
tative approach to the interpretation of experi-
mental results. VAthin the decade following these
theoretical advances, experimental studies were

90

carried out on helium, lithium, nitrogen, oxygen,
sodium, aluminum, phosphorus, sulphur, chlo-
rine, argon, potassium, zinc, gallium, selenium,
rubidium, cadmium, indium, tin, cesium, mer-
cury, thallium, lead, and bismuth. In the cases of
many of these elements, the available quantita-
tive interpretation was applied, and in some
cases, the effect of temperature on the liquid
structure was investigated. For the two elements,
argon and nitrogen, the effect of pressure was
also investigated, including the case where the
element was a permanent gas at high pressure.

Studies of x-ray diffraction by liquid elements
have certain advantages over those with poly-
atomic liquids. In the first place, the theory by
means of which the atomic distribution is ob-
tained from the diffraction pattern, is more
simply and accurately applied to an assemblage
of atoms of one kind than to a polyatomic liquid,
since fewer assumptions are required. In the
second place, theoretical considerations concern-
ing liquid structures and the nature of inter-
atomic forces are more likely to deal with the
simplest liquids than with the more complicated
ones. This estimate has already been borne out,
notably in the cases of argon, sodium, potassium,
and mercury for which theoretical work has
supplied interesting and valuable comparisons
with, or deductions from, the experimentally
determined atomic distribution functions. Fi-
nally, it is important to have as full and complete
information as possible concerning the properties
of all the elements.

II. THEORY

Although many investigators" have contrib-
uted to discussions of the theory of x-ray diffrac-
tion by liquids, the most fruitful approach to the
present problem is that which had its origin with
the early work of Debye" in which it was shown
that one has always to consider two atoms whose
scattered rays interfere with one another as a
result of which an interference pattern is pro-
duced which is defined essentially by the relative
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separations of the two atoms. If the relative
frequency with which various relative separa-
tions occurred were known completely, then the
intensity patterns could be predicted. Zernike
and Prins' proved in a one-dimensional model
that certain distances receive special weight in

the formation of interferences, and it is clear
that this conclusion can be carried over, at least
qualitatively, to three-dimensional liquids, since
the impossibility of interpenetration of atoms
and the existence of interatomic binding imply
that certain arrangements of any given atom
with respect to its neighbors are more probable
than others. These investigators introduced the
idea of a distribution function which, if known,
would facilitate prediction of the x-ray pattern
to be expected for any given substance. But even
in the simplest case of atoms as hard spheres,
it has not been possible to calculate unambigu-
ously and exactly the distribution of atoms about
any given atom, and hence this method can so
far supply only qualitative results. If, however,
the x-ray intensity curve is known precisely,
then the reverse of the above procedure is avail-
able, and the distribution function can be deter-
mined from the experimental intensity curves.
This was suggested by Zernike and Prins as a
possibility, but it remained for Debye and
Menke' to complete the analysis and to apply it
for the first time to liquid mercury. An alter-
native presentation of this theory has been given
by Warren and Gingrich" and by Warren, "and
this is the one followed here.

Consider an incident x-ray beam of amplitude
Efj propagated in a direction de6ned by the unit
vector $0, polarized with its electric 6eld normal
to the plane of Fig. 1, and directed upon an
atom at O. For a single electron at 0, the ampli-
tude of the radiation scattered to a point P at a
large distance R from 0 and in a direction defined

by the unit vector 5 is given by electromagnetic
theory" as

E„=Eg(e'/mc'R).

If Z electrons were concentrated at 0, then the
amplitude of the scattered radiation at P would
be Z times as great as for one electron. But for
an atom of atomic number Z at 0, the size of
the atom is comparable to the wave-length of

r 8

FIG. 1. Unit vector So defines the direction of radiation
incident upon an atom at 0; unit vector 5 defines the
direction of radiation scattered at angle qb; vector r„
represents the interatomic displacement between atoms at
0 and Q.

x-rays, and hence there will be interference effects
between the rays scattered by different electrons
in the same atom. The resultant amplitude at P
is then given by

E,=Eof(e2/mc2R), (2)

where the factor f, called the atomic structure
factor, is determined by the distribution of elec-
trons in the atom, and is equal to, or less than Z.
The phase of the radiation scattered from atom
rt at Q as compared to that from the origin atom
is 2s/X(r 50 rS), and th—us, if there is an
incident wave of the form E=Eo exp (2sivt), the
scattered wave from atom e is given by

E„=Ep(e'/mc'R) f„

Xexp [2+i(vt r„.(5,—5)/X)].—(3)

The total amplitude at P is the sum of all the
amplitudes scattered to that point and is given by

and the square of the amplitude of the radiation
at P is obtained by multiplying (4) by its com-
plex conjugate, giving

E„'=E0'(e4/m'c4R')

X [Q„f„exp (I 2+i/XI (5—Sp)'r„)j
X[K-f- exp (I2 i/&I(5 —5o) «-) j (5)

Removing the restriction of plane polarized radi-
ation introduces the polarization factor derived

E„=Eo(e'/mc'R) P„f„
Xexp [{2si/XI(5—50) r j (4)
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elsewhere" and we have

E ' = {(1+cos' p) /2 {

XE,'(e' jm'c'~') Z. Z„f.f
Xexp L{2 ~jl {(~—~o) (r- —«-)] (6)

The coeScient of the double summation is pro-
portional to the intensity scattered by a single
electron, represented by I„and Z~' is propor-
tional to the intensity of scattered radiation I.
Furthermore, r„—r = r„,5—Sp = 2 sin 8, where
8 is half the scattering angle, s is defined as
(4s. sin 8)/X, and u is the angle between (5—So)
and r„.Then if I/I, is designated I,„, intensity
in electron units, Eq. (6) may be written as

I. =P„P f f exp (fsr cosn).

Row, as the vector r„ takes on all positions in

space, o. takes on all values at random, and the
eRect of this random orientation may be obtained
by averaging the exponential function over all
solid angle. Thus

where this summation excludes the origin atom.
If it is assumed that there is a continuous dis-
tribution of atoms, then the above summation
may be replaced by an integral. ff p(r) is the
density of atoms at distance r from the origin
atom, then the number of atoms in a spherical
shell of radius r and thickness dr is 4s«'p(«) dr, and
this is sometimes referred to as the radial density
of atoms, or the atomic distribution function.

Equation (9) is then written as

I,„=X@1+ 4 .sr' p(r) {(sin sr) /sr{dr, (10)
p

where E. is the radius of the liquid sample, which
is very large compared to any value of r of
interest here. If we take pp as the constant aver-
age density of atoms, then Fq. (10) may be re-
written

I. =NP 1+)I' 4.r'(p(r) —po) {(sin sr) js«{dr
0

{ exp (isr„„,cos a)]dQ
~ 4x'

~R

+J 4sr'po{ (sin sr) /sr{dr . (11)
0

aJ p

p 7I

Lexp (isr, cos a)]27r sin ndn/4s
Jp

= (sin s«„)jsr„

The second integral may be taken as zero, under
normal conditions, for physical reasons. It is
seen that

and hence we have Debye's equation

I. =P„P„f„f„{(sinsr „)/s« „{.
~{ 47««2po {(sin sr)/sr {dr = (4n. /«33) po(3/(sr) 2)

(8)

It is seen that the intensity depends upon the
structure factors of the atoms, the angle of
scattering, the wave-length of the x-rays, and
upon the interatomic distances r„.In the present
discussion for atoms of one kind, f„=f =f, and

n

In performing the summations, it is necessary
to consider one atom and to carry out the sum-
mation over all distances to all atoms of the
array, including the origin atom, and then to
allow the origin atom to be every atom in the
array in turn. Summations for any atom with
respect to itself lead simply to unity in each case
since in the limit as «„„~0, sin sr„ /s«„,„~1.
Thus, if there are N atoms in the array,

X (', (sin s«) /sr{ —cos sr) . (12)

For r=o, this is zero regardless of s, and for
r=R, a very large quantity, the integral is zero
unless s is extremely small. For s corresponding
to a scattering angle of the order of minutes or
seconds of arc, this integral should contribute to
the intensity pattern, but this portion of the
intensity pattern is wholly unobservable because
of the presence of the main beam. For normal
sample sizes, and as long as we limit ourselves
to observable intensity, this integral may then be
taken as zero.

Equation (11) may be rearranged into a more
useful form by writing

I,„=Kf'{1++„'(sin sr„„)/s«„„], (9) i(s) = (I,„/Xf') —1 (13)
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and by taking the limits as 0 to ~ instead of
0 to R. This change of limit is Iiecessary for later
application of the Fourier integral theorem, and
it is justified by the fact that p(r) rapidly ap-
proaches p0 as r reaches several atomic diameters,
which is still many orders of magnitude less
than R. Then

si (s) = 4irr(p(r) —po) sin srdr, (14)

which is transformed by the Fourier integral
theorem into

or

r I p(r) —
po I = (I/2n') " si(s) sin rsds (15)

Jo

4irr'p(r) =4wr'po+ (2r/ir)
~

si(s) sin rsds. (16)
0

Equation (16) is the one which has been used

extensively in the determination of the distribu-
tion function 4irr'p(r) giving the number of
atoms between r and r+dr from any arbitrary
atom within the liquid element. Two important
steps remain to complete this determination;
first, the eva. luation of the function i(s) from
experiment, and second, the evaluation of the
integral of Eq. (16).

HI. EXPEMMENTAL

A. Radiation

Radiation from an x-ray tube target is made up
of continuous radiation and characteristic (or

Inspection of the theoretical development
shows that the following experimental conditions
are called for: (1) monochromatic x-rays, (2) well-

defined directions of incidence and scattering, (3)
a true measure of the coherently scattered inten-
sity from the liquid element as a function of s
over a very wide range of s, (4) no distortion in

the relative intensity measurements due, for ex-
ample, to polarization or absorption eEects, (5)
the same units for I and Xf' of Eq. (13). These
are some of the more important conditions to be
considered and met as closely as possible.

line) radiation and two methods have been used

to attempt to satisfy condition (1) above, first,
crystal reflection, and second, selective filtering.
Generally, high intensities have been attained
with the second method by using a band of wave-

lengths, but this does not satisfy condition (1)
Crystal reflection does supply monochromatic
radiation as long as the voltage on the x-ray
tube is lower than that which is necessary to
excite continuous radiation of one-half the wave-

length of the desired characteristic radiation.
Furthermore, it has been shown" that improper
filtering can give rise to spurious diffraction

peaks, and that filtering to obtain monochromatic
radiation closely approximate to that obtained

by crystal reHection is not as efficient as crystal
reflection itself in the matter of exposure time. Al-

though several different crystal monochromators
have been tried, rocksalt appears to be the most
suitable for this purpose.

The choice of characteristic radiation to be
used is determined largely by considerations of
available targets, absorption in the sample, and
the region of s to be emphasized. Thus, for de-

tailed investigation of scattering at small values
of s, long wave-lengths such as that of Cu are
useful. For emphasis on scattering at large s,
a short wave-length such as that of Ag is useful,
and fot general purposes, Mo radiation is quite
suitable.

Unpolarized radiation from the x-ray target
undergoes partial polarization when scattered by
the liquid sample, and also when reflected from

the crystal monochromator if this is used. It is
shown elsewhere" that the polarization factor is

(1+ Icos' 20I/O) for scattering from the sample.
If 2P is the total angle of scattering from the
crystal, it can be proved that this factor should

be I1+(cos' 2P cos' 28)/2I. That this is so can
be seen qualitatively from the fact that only the
component of the electric field (in the electro-
magnetic x-radiation) normal to the plane of
scattering remains unaltered, while the com-

ponent in the plane of scattering may suR'er a
diminution at each scattering. Since scattered in-

tensity with no effect of polarization is desired,
the experimental intensity is to be divided by
whichever of the above two factors is appropriate
under particular experimental conditions.
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B. Detectors of Radiation

Photographic film has been the most com-
monly used agency for detection of radiation in
this field of work. Cylindrical cameras are used,
with the sample at the center of the cylinder,
and with the film on the circumference. For
accurate measurement of diffraction angles, a
fairly large camera, of perhaps 9-cm radius, is
desirable. It has been demonstrated" that (1)
ordinary x-ray film responds faithfully for reason-
able densities of exposure, that (2) double-emul-
sion type film is considerably more eRective than
ordinary films for Mo radiation, and that (3) the
use of intensifying screens for the measurement
of relative intensities introduces almost insur-
mountable complications. Careful microphotom-
etering of the films is, of course, a necessary
adjunct to this method.

Electrical methods of detection are available,
and in this category, a Geiger-Mueller counter"
has been used successfully for x-ray diffraction
by a liquid element. Considerable preparation
must be made for this method, but where tem-
peratures and pressures of the sample must be
accurately maintained, the shorter time required
to obtain a complete pattern, as compared with
the photographic method, may justify this prepa-
ration.

with the plane of the cell. Kith this arrangement,
cell thicknesses were from 0.17 cm to 0.008 cm,
with mica windows 0.0005 cm thick, or with Be
windows 0.03 cm to 0.07 cm thick. In addition
to the above schemes for transmission, diffrac-
tion patterns have also been obtained by re-
flection from liquid surfaces, as was done in the
case of mercury.

I. OPtimum Thickness

The transmission method has been used most
frequently, and in this case there is an optimum
thickness of cell, since a cell which is too thin

FiG. 2. Representing scattering at an angle @ from a
layer of thickness dx at a depth x in a Rat sample of thick-
ness t. The incident beam is perpendicular to the plane of
the sample.

C. The Sample

Many different types of samples have been
used to meet the special requirements of the
various liquid elements. In the case of He, no
container was used, but a free stream of the
liquid constituted the sample. Unfortunately it
is not practical to adopt this ideal scheme for
many elements. Cylindrical glass tubes of very
thin walls have been used, with diameters ranging
from about 0.05 cm to 0.3 cm and with wall
thicknesses ranging between 0.002 cm and 0.01
cm in various cases. For Li, a cell of triangular
section in a horizontal plane was used with a
maximum thickness of 1.8 cm. In this case, the
size of the sample constituted an appreciable
fraction of the camera radius, and hence the
pattern was probably somewhat smeared out
because of the poor geometrical conditions. In
some instances, Hat cells were used, with the
incident beam making an angle of 90' or less

has insufficient scattering matter, and since one
of great thickness absorbs too strongly. Consider
the case of a Hat sample of thickness t and linear
absorption coefficient p, with an incident beam of
intensity Io directed perpendicularly upon the
sample, as in Fig. 2. Then a thickness dx at
depth x will contribute to the intensity scattered
at angle &=2|t in the amount dI~ where

de = [cI0 exp (—tix)dx](exp [—ti(t —x)/cos p])

and hence
+(ti/cos P) exp ( @to/cos $)]=0—

to= (1/ti) [—(cos @ log cos P)/(1 —cos p)], (17)

ol
Iq=K[exp ( —pt) —exp ( ut/cos p)], —

and
K = (cIO cos @)/ti(1 —cos @).

Applying the condition for optimum thickness,

de/dt =K[ uexp (—tito)—
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which, in the limit as p approaches 0, is to= 1/@-
Thus, for scattering at small angles, the optimum
thickness is the reciprocal of the linear absorption
coefFicient, but for other scattering angles, it is
less than 1/p, . Figure 3 shows the optimum thick-
ness as a function of scattering angle @. If the
plane of the flat sample is not perpendicular to
the incident beam, then the above relation should
be modihed to meet this condition. For a cylin-
drical sample completely bathed in incident
radiation, the expression 4=1/p should be a
good approximation to the optimum diameter for
very small values of @, but experience shows
that a cylinder of diameter as much as two or
three times to gives more intense patterns than
one of $0. This is presumably due to the fact that
one is generally interested in the diffraction pat-
tern at points considerably removed from the
incident beam, for which the above expression
for optimum thickness is not valid. .

Z. AbsorPtion Corrections

Inasmuch as the rays scattered at different
angles suffer different amounts of absorption in
the sample itself, the true relative intensity of
one portion of the pattern with respect to that of
another can be obtained only after correction for
this differential absorption.

Consider 6rst, the case of a Hat sample of
thickness t with the normal to its surface making
an angle cr with the direction of the incident
beam as shown in Fig. 4. If the incident beam is

Fr(;. 4. Directions and angles defined for the computation
of the absorption correction in a flat sample whose normal
is inclined at an angle o with the direction of incident
radiation.

where E includes Io and other constant factors.
Then

I&=E exp [—pd cos a/cos (a —@)]

p
d

exp {px[cos a' cos (a' —P)]/
0

cos (a —y) }dx, (19)

Ip X/ys cos a——

X {exp [—pd cos a/cos (a —P)]}

where
X [exp (lsd cos a) —1], (20)

of original intensity Io, the contribution to the
intensity scattered at angle p by a thickness dx
at depth x in the sample is

dIg =E[exp ( —px)dx]

X {exp [—{p(d —x) cos a }/cos (a —P)]I, (18)

0.7

8= [cos a —cos (a —Q)]/cos a cos (a —$).

Since relative intensity is desired, it is necessary
to normalize the above expression with respect
to some particular direction. We refer the in-
tensity at any angle p to that at &=0. From
Eq. (19) it is seen that for & =0,

I& o ——Xde I'"

and, noting that t=d cos cr, we have

Ig/Ig 0 (1/pss)[1 —e &"]. ——

(21)

(22)

x o' 3 o' 4', o' So' 0o 7o

Fr@. 3. Showing how optimum thickness of a flat sample
varies with the scattering angle.

This relation may be used with the sample per-
pendicular to the main beam, for. in this case,
a=0 and s~=(1—cos p)/cos @. When aWO, an
alternative procedure is to normalize with re-
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spect to the intensity at p =r. Setting p = a in

Eq. (20) and taking the ratio of I~ to Iq=„we
have,

Iq/Iq, = {(cos&r 1)/—cos 0[exp ( pt)—

—exp (pt cos &r) ]} {[exp { pt/c—os (r p—) }]
X [exp (ps') —1]/s}. (23)

l'he experimental intensity is to be corrected by
dividing it by Eq. (22) or Eq. (23), and this
correction can be made along with the polariza-
tion correction described above. This corrected
intensity is that which one would observe if
there were no effect of absorption or polarization.

In the reAection method, assume that all rays
strike the liquid surface at an angle 0.. A volume
element (Adx)/sin n at a depth x below the sur-
face will be irradiated by primary rays which
have traveled a distance x/sin n in the liquid,
and a secondary ray scattered at an angle 20
with the primary beam travels through the
liquid a distance x/sin (28 —n) before reaching
the surface. The intensity of rays scattered at
angle 28 is therefore

Izg =X(1/sin a)

XJ exp {—p[x/sin n+x/sin (28 —u)]}dg, (24)

I)g=(X/p)[{sin (28—~) }/

{sin a+sin (28 —n) }]. (25)

Relating the intensity at any angle to that at
28= 2+

Ige/Igg=g. (1/2) {[sin (28———u) ]/
[sin n+sin (28—a)]}. (26)

For a cylindrical sample completely bathed in
a primary beam, the absorption correction has
been determined by means of a graphical integra-
tion and the results are plotted elsewhere for
convenient use. ' This correction is generally
smaller for large angle di6'raction than that for
the flat sample, and hence the cylindrical sample
is preferable to the Hat sample in this respect.
On the other hand, this correction has been com-
puted on the assumption that the cylindrical
sample is completely bathed in incident radiation

of uniform intensity across the entire section of
the beam, and this is seldom true for crystal
monochromated x-rays. It has been shown, '
however, that no marked change of relative
intensity in the diffraction pattern of liquid
sodium occurred when several diameters of
sample were used, from about two to five times
the width of the incident beam.

Use of a crystalline material such as mica for
the sample holder has an advantage in that the
diffraction produced by it is largely concentrated
in sharp spots and hence can easily be distin-
guished from the true liquid pattern, whereas a
glass holder gives a pattern closely similar to
that of liquids and hence cannot easily be distin-
guished from the desired pattern. But the choice
of construction for a sample holder is not a
simple matter, since considerations of strength,
chemical properties, and many other features are
also important.

3. Incoherent Rgdgtion and Curve F~tting

In determining the function i(s) from experi-
mental data, it is obviously necessary to have I,
and Xf' in the same units. This is done by
assuming that at large angles where interference
effects can no longer be observed in the diA'rac-

tion pattern, the observed coherently scattered
x-rays have the same intensity as that produced
by the same number of atoms which scatter
x-rays independently of one another with no
interference effects. If the atoms scatter x-rays
independently, then the curve for the coherent
scattering of X atoms will be of the same form as
that for a single atom. These curves can be ob-
tained from tables" of atomic structure factors.
But before the above fitting of curves can be
made, a correction must be applied to the ob-
served intensity curve for incoherent radiation.
It is shown elsewhere that the intensity of x-rays
scattered from an atom is

I=I.[f'+&(Z Z f-')], — (27)

where I, is the Thompson scattering per elec-
tron, f is the atomic structure factor, f„ is the
structure factor of the nth electron in the atom,
Z is the atomic number, and R is a recoil factor
defined as

R=1/(1+ {h/mcus} vers P)'.
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In the above expression for I, the term I,f' is
identified with coherent scattering and the term
I,R(Z Z f—„') is identified with incoherent scat-
tering which plays no part in interferences, but
which introduces a slowly varying background
on all patterns. The incoherent scattering func-
tion is conveniently tabulated elsewhere. " The
following intensity ratios are useful in the curve-
fitting process:

Incoherent/Total

= LR(Z —2 R-') j/Lf'+R(Z Z f—-') j, (28)

Incoherent/Coherent = LR(Z —P f„')j/f', (29)

Coherent/Total =P/ [f'+R(Z g f ')—j (30)

Thus, for example, if the observed intensity has
been corrected for polarization and absorption,
and if at some large angle of scattering, there is
no evidence of interference peaks, then the
amount of incoherent radiation at that point
can be obtained from Eq. (28). The difference
between the total and the incoherent will be the
coherent. Knowing the coherent intensity at this
point enables one, from the f' tables, to draw in

the independent coherent scattering at all angles.
From this, and Eq. (29), the incoherent scatter-
ing at all angles can be drawn in, and subtracted
from the observed intensity at all points, thus
giving the I,„ to be used in the function i(s),
along with the coherent or Nf' curve. It is

perhaps clearer to note that what has been done
is to use

[(I,./N)/f' j 1 for i(s)—
The incoherent correction for elements of high

atomic number is very small but for elements of
low atomic number, it is quite large. When the
incoherent correction is small, the recoil factor
may be taken as unity without introducing
appreciable error.

One important requirement of the theory is
that the experimental curve be known accurately
to very large values of s, where s= {4n. sin 8I/X.
This is important for two reasons, first, because
all the interference effects should be included in
the analysis, and second, because it is essential
that the fitting shall be made at a point where
the scattering is as completely independent as

possible. Experimentally, it has not been possible,
because of the weakness of the radiation, to
carry the experimental observations much be-
yond s = 12, but it is possible that future refine-
ments will be in the nature of improved experi-
mental technique to extend the range of s beyond
that which is now practicable. It has been shown
that in one particular case," slight extension of
this range has not markedly altered the results
obtained, although in other cases, extension of
the range has had considerable effect on the
final result.

Because of the low intensity of coherent radia-
tion at large angles where this curve-fitting is
performed, much uncertainty in the whole
analysis can be introduced at this step unless

special attention is given to careful intensity
determination at large angles. One partially
successful attempt" has been made to minimize
reliance upon the exact determination of weak
coherent intensity at one value of the angle of
diffraction, as is usually done. In efII'ect, it is an
attempt to perform the curve-fitting process
over the whole curve rather than at one point.

4. The Analysis

After the intensity function i(s) has been deter-
mined, the remaining problem is to evaluate the
integral in the expression

Three methods have been used for this purpose:
(1) the use of an harmonic analyzer, (2) graphical
integration, a,nd (3) trigonometric interpolation.
A brief description of these three methods will

be given.
Consider, first, for example, the use of the

Coradi analyzer. If r is taken as a multiple of
some chosen constant r0, then r =nr0 where n is
the order of a harmonic and, if the function si(s)
is expressed as a sine series,

si(s) = P A„sin nsro,
0

then it can be shown'4 that-

$21r

A„= (1/s) J
si(s) sin nrosds

0
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and the Coradi analyzer gives nA „directly as the
reading of the instrument after tracing over the
si(s) curve with gears in place for harmonic n.
The ordinate scale for the si(s) curve may be
chosen for any convenient use with the instru-
ment and the appropriate linear scale factor
must then be applied to the reading obtained.
Choice of the abscissa scale is determined by the
construction of the analyzer and by the con-
stant ro. It is desired that the range of the argu-
ment, srom, shall be equal to the total range of
abscissa of the instrument, 2xn, which covers
40 cm in the usual type of Coradi analyzer. Thus
the limiting value of s, designated so, is related to
r~ by the relation soron = 2s n or so = 2s /ro If.
points on the distribution curve are desired at
intervals of 0.4A, r0=0.4, or sl)=15.7 and hence
we have 40/15. 7 or 2.55 cm per s unit. Plotting
the abscissa as 2.55 s will then supply 0.4A per
harmonic. Similarly, by use of 2.80 s we obtain
0.44 per harmonic. Gears could be constructed
to supply fractional harmonics, or the existing
gears can be interchanged from one range to
another to give fractional harmonics. Thus, for
example, over certain intervals, this procedure
has supplied data for every 0.1A. Integration
limits from 0 to 2' are required by the instru-
ment rather than the desired limits of 0 to ~,
but since the function si(s) is zero beyond the
point of curve-fitting, as far as experiment is
able to show, and since ro is chosen to include all
the available data in the range of abscissa of the
instrument, then this limited range of integration
is permissible.

The integral of Eq. (31) can be evaluated by
means of graphical integration. If P =nros and ro

is taken as 0.4A, then P (in degrees) =22.92ns,
and cards can be made listing sin P as a function
of s for any n which is desired. Multiplying si(s)
and sin P, plotting this product as a function of s
and planimetering the area under this curve
gives the required result for one value of r. In
this method, the number of curves to be com-
puted, plotted, and planimetered is the same as
the number of points in the distribution curve.
A variation of this scheme is to plot si(s) against s

(or sin 8/X for further simplification), draw the
reHection of this curve to obtain an envelope,
prepare cards for each harmonic with the ab-
scissae indicated where the sine function takes

on values of 0, 0.5, 0.866, 1.0 over a complete
cycle, determine si(s) sin nros from these cards
and the envelope, and finally planimeter as
before. In this way, several determinations can
be made within one envelope.

The method of trigonometric interpolation has
been used by Danielson and Lanczos" to evalu-
ate the integral of Eq. (31). This method de-
pends on expressing the si(s) curve in an approxi-
mate analytical form, a finite trigonometric
series, chosen in such a way that the integral for
each of a chosen set of values of r becomes simply
related to one of the coefficients of the series.
The s axis of the si(s) curve is divided into some
number, say 36, equal intervals. Arithmetic
manipulation of the ordinates at these points of
the si(s) curve, together with a companion list
of sine functions, gives the desired result. Pre-
pared forms" greatly facilitate this procedure.

IV. RESULTS

1. Helium

Working under exceedingly dif6cult experi-
mental conditions, Keesom and Taconis" passed
Cu Xo. filtered radiation through free streams of
liquid He I (—270.5'C) and He II ( —271.4'C).
Stream diameters of 1.5 mm and 3.0 mm were
used, and in all cases the diffraction patterns had
dense backgrounds which presumably were due
largely to incoherent radiation. In both He I and
He II, the position of the one observed peak was
determined to be sin 0/X=0. 157. No complete
analysis was attempted, to obtain a distribution
curve, but an analogy was made between the
observed pattern and that to be expected from
smeared-out crystal models, following the method
of Prins and Petersen. "It was concluded that the
liquid structure was more nearly similar to that
of a face-centered cubic type than to that of a
diamond-like structure.

2. Lithium

This element (m. p. 186'C) was investigated at
200 C by Gamertsfelder 28 In a cylindrical camera
of 9.20-cm radius, the sample had a horizontal
cross section in the shape of a right isosceles tri-
angle with the incident, crystal-reHected, Mo Xa
radiation passing 1.8 cm through the liquid along
the altitude of the triangle. Because of the large
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FIG. 5. Intensity curve and distribution curve for liquid lithium at 200'C. Ideal
crystalline distribution out to 6A shown by vertical lines.

sample size relative to that of the camera, con-
siderable blurring of the pattern is to be expected,
and hence some uncertainty is introduced in the
distribution curve on this account. Uery thin
mica windows were used to minimize undesirable
scattering. Figure 5 shows the intensity curve
plotted to an arbitrary ordinate scale, and the
distribution curve, together with vertical lines
to represent the ideal distribution in the crystal-
line form. The unusually large incoherent correc-
tion to the observed intensity is noted on the
intensity graph of Fig. 5. The first peak in the
distribution curve occurs at about 3.24A and it
represents a concentration of roughly 9.8 atoms.
The small second peak at 4.2A is not correlated
closely with any distance in the crystal.

3. Nitrogen

Liquid nitrogen has been studied by Keesom
and de Smedt' and by Sharrah" and nitrogen
gas under high pressures has been studied by
Harvey. " In the early work of Keesom and de
Smedt, peaks in the intensity pattern were
reported at sin 8/X=0. 139 and 0.208, but in the
recent work of Sharrah, who used monochromatic
Mo Eo, radiation, intensity peaks were found at
sin 8/X=0. 1.44, 0.26, and 0.42 for nitrogen at
89'K, and at 0.148, 0.26, and 0.42 for 64'K.
Figure 6 shows the results obtained by Sharrah.
The first intensity peak is very prominent,
whereas the other peaks are quite weak. Peaks

in the distribution curve are at nearly the same
distances for both temperatures: 2.3A, 2.6A,
4.0A, and 4.8A. The areas under the first peaks
are 1.03 for 89'K and 1.08 for 64'K, and these
peaks are discrete, implying permanent neigh-
bors. Within the precision of this determination,
the number of nearest neighbors is one, which
confirms the existence of the N2 molecule in

liquid nitrogen. Harvey" showed that for com-
pressed nitrogen gas, the x-ray scattering at
small angles decreases as the pressure is in-

creased.

4. Oxygen

Keesom and de Smedt' observed intensity
peaks in the pa'ttern from liquid oxygen, at
sin 8/X =0.154, 0.24, and 0.35. Sharrah and
Gingrich" more recently have used monochro-
matic radiation and they report intensity peaks
at sin 8/X =0.157, 0.35, and 0.5 for the 89'K case,
and at 0.159, 0.35, and 0.5 for the 62'K case.
Their intensity curves are shown in Fig. 7, to-
gether with the distribution curves for the two
temperatures. Peaks in these latter curves occur
at 1.3A, 2.2A, 3.4A, an'd 4.2A for 89'K, and at
1 ~ 25A, 2 ~ 15A, 3.2A, and 4.1A f'or 62'K. The area
under the first 89'K peak is 1.08 while that for
62 K is 1.18. Considering experimental precision,
it is believed that the 1.08 is not significantly
diferent from unity, and it is somewhat doubtful
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FrG. 7, Intensity curves and distribution curves for liquid oxygen
at 62'K and 89'K.

whether the 1.18 shouM be interpreted as giving
unambiguous proof of the existence of slightly
more than one atom, on the average, at this dis-
tance. At both temperatures, a second discrete
peak persisted in all determinations, a feature
which is unique in liquid elements so far studied,
to liquid oxygen. The occurrence of this second,
discrete peak, and the excess areas under the first
peak are suggestive of the presence of O~ in liquid
oxygen, since in this form, some atoms would
have two nearest neighbors at about 1.3A, and
some other atoms would have one nearest neigh-
bor at I.3A and one neighbor at 2.2A which is the

approximate distance of the observed second
peak. Existence of the third and fourth peaks
have not been cited as clear-cut evidence for the
presence of larger aggregates of oxygen atoms.

5. Sodium

Work on liquid sodium (m. p. 97.5'C) has been
reported by Keesom, " Randall and Rooksby, "
Tarasov and %'arren, '4 and Trimble and Ging-
rich. " Quantitative work using monochromatic
radiation was attempted in the last two cases,
and their results are in essential agreement.
Figure 8 shows the intensity curves and the
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distribution curves. Intensity peaks occur at
sin II/X=0. 162, 0.29, and 0.42 for 100'C and at
0.$57, 0.28, and 0.4 for 400'C. The erst peak in
the distribution curve is at about 3.83A for
i00'C and at about 3.90A for 400'C. These two
distribution curves give an excellent illustration
of the smearing-out effect on the distribution
curve due to increased thermal agitation of the
atoms for the liquid at high temperatures.

Using a simplihed model of the liquid state,
'At'alP' has calculated with considerable success

the latent heats of fusion and of vaporization for
sodium from the distribution curves given here.

6. Alu~»um

Randall and Rooksby'~ and Gamertsfelder"
have reported work on liquid aluminum (m. p.
659'C). In the more recent work, " the sample
was simply an aluminum wire heated by means
of a gas fame, with the very thin oxide coat
acting as the sample holder. Figure 9 shows the
intensity and the distribution curves for 700'C.
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Fio. 8. Intensity curves and distribution curves for liquid sodium
at 100'C and 400'C.
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FIG. 9. Intt;ns1ty curve and distribution curve for liquid aluminum at 700'C.
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FtG. 10. Intensity curves and distribution curves for liquid yellow
phosphorus at 48'C and 226'C.

In the intensity curve, a very weak peak ap-
peared at (sin 8)/X=0. 10, and the other pea, ks,
whose intensities fall oR in roughly the usual
manner, occur at 0.210, 0.36, and 0.55. The first
peak in the distribution curve is at 2.96A, it is
not discrete, and the area under it represents
about 10.6 atoms. It is seen that in this case,
there is a fair correlation with the structure of
the crystal. As in other cases where the first
distribution peak is not discrete, the nearest
neighbors are constantly changing, and what one
gets is an average number of nearest neighbors,
with frequent interchanging of these neighbors.

the existence of P4 molecules in liquid yellow
phosphorus. Rush brooke and Coulson" have
identified the second and third peaks with fre-
quently recurring distances between atoms which
are not in the same P4 molecule.

Both red and black phosphorus occur in an
amorphous form, and the atomic distribution
curve has been determined in these cases.""
Here again there are three permanent nearest
neighbors at a distance (2.28A) slightly (perhaps
insignificantly) greater than that in liquid yellow
phosphorus (2.25A). Beyond the first peak, how-
ever, the distribution curves diRer considerably.

7. Phosphorus

The only work on liquid yellow phosphorus
(m.p. 44.1'C) was reported by Thomas and
Gingrich. " Their intensity and distribution
curves for temperatures 48'C and 226'C are
shown in Fig. 10. Intensity peaks occur at
(sin e)/X=0. 111, 0.198, 0.28, for 48'C, and at
0.108, 0.194, and 0.28 for 226 C. Peaks in the
distribution curves are found at very nearly the
same distances for both temperatures, 2.25A,
3.9A, and 6.0A. Of particular interest here, is the
fact that the first of these peaks at both tempera-
tures is discrete, and represents approximately
three atoms, thus showing that in liquid yellow
phosphorus, each atom has three permanent
nearest neighbors. This confirms, very directly,

8. Sulphur

Blatchford, 40 Das, 4' Das and Das Gupta, 4'

Prins, " and Gingrich44 have reported work on
this element (m.p. 113'C or 119'C). Although
interesting information has been supplied in all
cases, a complete analysis has been given in owly
one case, 44 for which the intensity and distri-
bution curves are shown in Fig. 11. At tempera-
tures of 124'C, 166'C, 175'C, 225'C, and 340'C,
complete analyses were made, though intensity
patterns were obtained at other temperatures, to
determine more exactly the temperature at which
considerable change in the position of the main
peak occurred. This change was found to take
place between 157 C and 166'C. In the distri-
bution curves at all temperatures, the nearest
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Fra. 11. Intensity curves and distribution curves for liquid sulphur at 124'C, 166'C, 175'C,
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F)G. 12. Intensity curve and distribution curve for liquid chlorine at
25'C and 7.7 atmospheres pressure.

neighbor distance is about 2.07A, and these ap-
proximately 1.7 nearest neighbors are indicated
as being permanent for temperatures up to about
200'C. It is pointed out that if the Ss molecule
were in the form of an open chain, then the end
atoms would have one nearest neighbor, and the
intermediate atoms would have two nearest
neighbors, giving rise to an average of roughly 1.7
atoms as observed. For plastic sulphur at room

temperature, there are two permanent neighbors
at 2.08A, characteristic of a closed ring, or of a
long chain.

Q. Chlorine

Liquid chlorine (b.p. 34.6 C) was investigated
by Gamertsfelder'8 at 25'C and under its own
vapor pressure of about 7.7 atmospheres. Figure
12 shows the results of this work, with intensity
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Fr@, 13. Intensity curves and distribution curves for liquid argon at 84.4'K and 0.8 atmos. ; 91.8'K and
1.8 atmos. ; 126.7'K and 18.3 atmos. ; 144.1 K and 37.7 atmos. ; 149.3 K and 46.8 atmos. ; and a distribution
curve {No. 7) for argon gas at 149.3'K and 43.8'K,

peaks at (sin 8)/X=0. 122, 0.285, 0.41, 0.55, and
0.8 and with distribution peaks at 2.01A, 2.0A,
and 5.2A. The peak at 2.01A represents one (0.97
measured) permanent nearest neighbor, con-
hrming the existence of t..l2 molecules in the

liquid.

10. Argon

In many respects, this element (m. p. 189.2'C;
b.p. 185.7'C) is one of the most interesting and
suitable to study. Work has been reported by
Keesom and de Smedt, ' Lark-Horovitz and
Miller'~ and Eisenstein and Gingrich. ""In the
latest work, 4~ diR'raction patterns have been ob-
tained for the liquid and for the vapor over wide
ranges of pressure and temperature. Intensity
and distribution curves are shown in Fig. 13 for
a few conditions of pressure and temperature,
with argon in the liquid state for curves 1, 2, 4, 5,
and 6, and in the vapor state for curve 7 (distri-
bution curve only). Many more curves are shown

in the original article, particularly for argon
vapor, and reference should be made to this
article for more detailed results. Referring to the
intensity curves of Fig. 13, at least three eA'ects

can be observed of the increase in temperature
along the saturated vapor curve. The most obvi-
ous effect is the progressively greater smearing-
out of the pattern; another observation is that
the position of the main peak is progressively
shifted to smaller angle; and a third effect is the
increase in the small angle scattering at high
temperatures. This last eA'ect is even more pro-
nounced in the ease of high temperature, high
pressure vapor, and it is interpreted as being due
to the formation of many or of frequently re-
curring large-scale (10A or greater) density
fluctuations, under these conditions. The distri-
bution curves show the most pronounced first
peak at low temperatures as expected. Whereas
in crystalline argon there are 12 nearest neighbors
at 3.82A, in liquid argon at 84.4'K and 0.8 atmos.
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FIG. 15. Intensity curve and distribution curve for liquid zinc at 460 C.

there are 10.2 to I0.9 nearest neighbors at 3.79A.
These results show that relatively small changes
of temperature have considerable effect on the
distribution curve of argon near its triple point.

Theoretical considerations relative to atomic
distribution curves have frequently made refer-
ence to liquid argon. Details of the several ap-
proaches to this problem and of the results so far
obtained may be found in the work, for example,
of %all," Rice," Rushbrooke and Coulson, "
Rushbrooke, 49 Corner and Lennard- Jones, "Kirk-
wood ~' and Kirkwood and Boggs. ~'

11. Potassium

Liquid potassium (m.p. 62.3'C) has been stud-
ied by Keesom" and by Randall and Rooksby"
at one temperature just above the melting point,
and by Thomas and Gingrich" at the two temper-
atures 70'C and 395'C. Curves from this latter
work are shown in Fig. 14. At 70 C intensity
peaks occur at (sin 8)/X =0.130, 0.233, 0.36,
whereas at 395'C peaks were found at 0.126, 0.22,
and 0.35. In the distribution curves, the hrst peak
is at 4.64A for 70'C and at 4.76A for 395'C, with
both peaks representing an average concentration
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F)G. 16. Intensity curves for liquid gallium at 18'C and 45'C and a distribution
curve for liquid gallium at 18'C.

of about 8 atoms. These results have been used by
de Boer and Michels, "Hildebrand, "and Gingrich
and Kall56 in their theoretical discussions relative
to atomic distributions. In the latter case, for
example, the latent heats of fusion and of
vaporization of potassium have been calculated
with some success, using the distribution curves
shown here. Hildebrand has also calculated from
these distribution curves the ratio of the energy
of vaporization at these two temperatures, ob-
taining surprisingly close agreement with that
from the vapor pressure curve.

12. Zinc

The only investigation on liquid zinc (m. p.
419'C) has been made by Gamertsfelder28 at
460'C. Figure 15 shows the intensity and distri-
bution curves in this case. As in the case of
aluminum, the 6rst intensity peak is weak, and
the second peak is the most intense. The intensity
peaks occur at (sin II)/X=0. 115, 0.228, 0.38. The
erst distribution peak at 2.94A represents an
average concentration of about 10.8 atoms.

13. Gallium

Liquid gallium (m.p. about 30'C, and easily
undercooled) has been studied by Menke" at 18'
and at 45'C. Results of this work are shown in
I" ig. 16. Intensity peaks occur at (sin II) /X =0.195,
0.372, 0.57, 0.77, and 0.96, and distribution peaks

occur at 2.83A and 5.8A. It is to be noted that
there is but slight difference between the intensity
patterns at the two temperatures in spite of the
fact that at 18'C, the liquid is undercooled.

14. Selenium

The only reported work on liquid selenium
(m. p. 217'C) is that of Prins4' who simply lists
"spacings" equivalent to intensity peaks at
(sin 8)/X=0. 148, 0.280, 0.435, states that there
was no appreciable effect of temperature on the
pattern, and notes that the pattern was indentical
with one obtained from a preparation quenched
by dropping into water. Lark-Horovitz and
Miller" have worked with amorphous selenium,
obtaining intensity peaks at (sin II)/X=0. 146,
0.289, 0.443 and distribution peaks at 2.35A,
3.7A, and 4.8A.

15. Rubidium

Liquid rubidium (m.p. 38.4'C) has been re-

ported by Randall and Rooksby" as giving a
diEraction pattern with an intensity peak at
(sin II)/X =0.122

10. Cadmium

Gamertsfelder" has worked with liquid cad-
mium (m.p. 321'C) at 350'C. His results are
shown in Fig. 17. Intensity peaks occur at
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Fir. 17. Intensity curve and distribution curve for liquid cadmium at 350 C.
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Fio. 18. Intensity curves and distribution curves for liquid
indium at j.60'C and 390'C.

(sin 8)/X=0. 203, 0.360, 0.55 and the first distri-
bution peak, representing an average concentra-
tion of 8.3 atoms, is at 3.06A.

17. Endium

Liquid indium (m.p. 155'C) has been studied
by Gamertsfelder" at 160'C and at 390'C. The
results of his work are shown in Fig. 18. The
intensity peaks for 160'C are at (sin 8)/h =0.179,
0.335, 0.50 and at 390'C they occur at 0.177,

0.335, 0.49. The first distribution peak at 160'C
represents about 8.5 atoms at an average distance
3.30A, while that at 390'C represents about 8.4
atoms at roughly 3.36A.

18. Tin

Liquid tin (m.p. 231.9'C) has been dealt with
by Sauerwald and Teske, '~ Prins, 4' Danilov and
Radtschenko " and Gamertsfelder " In the
latter case, temperatures of 250'C and 390 C
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FIG. 19. Intensity curves a,nd distribution curves for liquid
tin at 250'C and 390'C.

were used and these results are shown in Fig. 19.
At 250'C, intensity peaks occur at (sin 8)/X
=0.174, 0.335, 0.49 whereas at 390'C they occur
at 0.175, 0.330, 0.50. The first distribution peak
for tin at 250'C represents about 10 atoms at
3.38A, and at 390'C, about 8.9 atoms at 3.36A. It
is interesting to note from this work that the
liquid structure is much more analogous to that
of crystalline white tin than to that of crystalline
gray tin.

19. Cesium

Randall and Rooksby" report having found an
intensity peak in the diffraction pattern of liquid
cesium (m.p. 28.5'C) at (sin 8)/X=0. 111.

20. Mercury

Liquid mercury (m.p. 38.9'C) has been in-

vestigated by Prins, "Coster and Prins, 2 Woolf, 6'

Raman and Sogani, " Debye and Menke, ' "
Sauerwald and Teske, "Menke, "and Boyd and
Kakeham. "Most of these investigations led to
interesting qualitative results, but the investi-
gations of Debye and Menke, ' " Menke, ~' and
Boyd and Kakeham" have supplied more de-
tailed information. The results of Debye and
Menkeo are shown in Fig. 20 for mercury at room
temperature. Intensity peaks occur at (sin 8)/X
=0.162, 0.328, 0.52, 0.68, 0.82, and distribution

peaks occur at 3.23A and 6.5A. Using the reflec-
tion method, as did Debye and Menke, Boyd and
Kakeham" reported work for temperatures of
—36'C, —34'C, O'C, 30'C, 75'C, 125'C, 175'C,
and 250'C, and, among other differences from
previous work, they found an extra intensity
peak at small angle. Unfortunately, however,
lack of purity of their radiation raises some doubt
as to the origin of this peak. "Nevertheless, the
possible existence of this extra peak should have
a relatively small effect on the distribution curve,
and their work does supply information for the
first time concerning the temperature effect upon
the distribution curve for mercury. Hildebrand,
Kakeham, and Boyd" have used these results to
calculate the intermolecular potential in the case
of mercury.

21. Thallium

Sauerwald and Teske" report the existence of
intensity peaks in the diffraction pattern of liquid
thallium (m.p. 303.5'C) at (sin 8)/X =0.164,
0.323, 0.442.

22. Lead

Randall and Rooksby" report an intensity
peak for liquid lead (m.p. 327.5'C) at (sin 8)/&
=0.173.
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Fto. 20. Intensity curve and distribution curve for liquid
mercury at room temperature.

23. Bismuth

Randall and Rooksby "Sauerwald and Teske"
and Danilov and Radtschenko" report the posi-
tion of the main intensity peak for liquid bismuth
(m. p. 271'C). The average of these three some-
what divergent values is (sin 8)jX =0.164.

V. SUMMARY

Experimental work on the diR'raction of x-rays
by liquid elements has been reported for 23 ele-
ments. These determinations in and by them-
selves are valuable for their contribution to the
totality of our knowledge of this particular phys-
ical phenomenon. The list of elements for which
this information is known should be extended to
cover all elements, and it is to be hoped that
more complete determinations of the individual
diffraction patterns can be given as advances are
made in experimental techniques. But a more
valuable contribution of this type of work is in

making available directly determined descrip-
.ions of the structure of various liquid elements,

which structure can be correlated with, or used
to predict physical properties of the elements.

The structures of liquid elements in terms of
the atomic distribution curves have been re-
ported for j.6 elements, ten of which reports
include determinations of the effect of tempera-
ture, and one of which includes the effect of pres-
sure as well. These atomic distribution curves

represent the time-averaged atomic environment
about any given atom within the liquid, but this
environment is neither permanent, as in a crystal,
nor random, as in a gas, and hence no simpler
description of liquid structures can now be given
to supply the same information. These erst i6
determinations of atomic distribution curves
constitute the beginning of a complete list of all

elements, to parallel a list of the crystal struc-
tures of the elements, as an aid to more compre-
hensive understanding of the structure of matter
and of the transitions of matter from one state to
another.

Reference has been made, in the present re-

view, to some of the initial attempts toward
securing more comprehensive understanding of
the structure of matter with the aid of work here
reported. On the basis of assumed models of the
liquid state, distribution curves have been com-

puted and compared with the observed curves.
From these observed distribution curves, inter-
atomic potentials have been deduced, and phys-
ical properties of the elensents, such as latent
heats of fusion and vaporization have been calcu-
lated, with some success. In addition to this, the
distribution curves have supplied very direct
evidence to conhrm the existence of molecules in
some liquid elements (e.g. , Nm, 02, C12, P4) and to
imply the possible existence of more complicated
atomic aggregates in a few cases.
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