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The paper first reviews briefly the various kinds of information that can be obtained 
from x-ray diffraction studies. Next, specific examples are given from the literature 
of determinations of each of the different kinds of data. 

1. INTRODUCTION 

In the study of liquid crystals, as in the study of liquids and in the 
study of crystals, x-ray diffraction is a very useful tool because the 
wavelength of the x-rays is of the same order of magnitude as the 
interatomic and intermolecular distances in the material investigated. 
Thus, from x-ray diffraction data, it is possible to gather information 
about the local molecular arrangement (conformation and packing), 
and about the existence and range of order in the molecular orien- 
tations and/or positions. 

In discussing the positions of x-ray diffraction maxima in the dif- 
fraction pattern in a plane perpendicular to the incident x-ray beam, 
we will use the terms “radial position” and “azimuthal position” (see 
Figure 1). “Radial position” will refer to the distance of the maximum 
from the center of the x-ray diffraction pattern, “azimuthal position” 
will refer to the angle which a line from the maximum to the center 
would make with a reference line through the center. Similarly, we 
will use the terms “radial width” and “azimuthal width” to describe 
the size of the maxima (see Figure 1). 

We will limit our discussion to thermotropic liquid crystals, but 
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FlGURE 1 Illustration of the definition of the “radial position” r,  the “azimuthal 
position” 6, the “radial width” Ar, and the “azimuthal width” A+ of a diffraction 
maximum. The horizontal line is the “reference line,” C i s  the center of the diffraction 
pattern, and M and M‘ are two maxima. 

most statements would also apply, occasionally with some minor mod- 
ifications, to lyofropic liquid crystals. The two main sections of this 
paper, on “What can be learned” and “What has been learned,” are 
divided into rather small sub-sections. To facilitate cross-referencing, 
each sub-section under “What can be learned” corresponds with an 
identically marked sub-section under “What has been learned.” 

II. WHAT CAN BE LEARNED 

1. Molecular orientation 

In a first approximation, the molecules in a thermotropic liquid crystal 
can be thought of as cylindrical rods.? If one would have infinitely- 

tMesophases of disc-like molecules will not be discussed in this article. 
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X-RAY DIFFRACTION STUDIES 127 

long rods, perpendicular to the incident x-ray beam, the diffraction 
pattern of these rods would be confined to a plane that is perpen- 
dicular to the rods and that contains the incident beam.' Liquid crystal 
molecules are not infinirely long, of course, but they are long, and, 
consequently, the diffraction pattern associated with the packing of 
molecules aligned perpendicular to the x-ray beam will be concen- 
trated around the above-mentioned plane, and the diffraction maxima 
will lie in this plane. Because of this, the azimuthal positions of these 
diffraction maxima will give information about the average direction 
of the molecules. The azimuthal width of the maxima will be related 
to the extent to which the directions of the individual molecules differ 
from the average. Thus, the azimuthal width of the maxima will give 
information about the degree of overall orientational order in the 
sample. 

2. Molecular packing 

The x-ray diffraction pattern from an assembly of parallel rods does 
not only depend on the orientation of these rods (see 1 above), but 
also on the manner in which the rods are packed togFther. 

a. Average distance 
From the radial position of the diffraction maxima, one can obtain 

the angle between the diffracted beam and the incident beam. This 
angle is related to the average distance between the long axes of 
adjacent rods. Thus, the radial position of the maxima gives infor- 
mation on the average distance between the molecules (see also Sec- 
tion d ,  below). 

b.  Regularity of packing 
The radial width of the diffraction maxima is related to the regu- 

larity of the molecular packing: the more constant the distance be- 
tween adjacent molecules, the narrower the diffraction maximum. 
Thus, a sharp maximum indicates an ordered packing and a broad 
maximum indicates a disordered packing (see also Section 6, below). 

c. Type of packing 
If the molecules form a hexagonal close-packing of cylinders, all 

distances between neighboring molecules are equal, and there is only 
one sharp diffraction maximum corresponding to nearest-neighbor 
distances. If there is more than one such maximum, then there must 
also be more than one value for these distances, and the packing can 
no longer be hexagonal. Thus, the number of maxima gives infor- 
mation about the type of the molecular packing. 

d .  Lattice dimensions 
The radial posirions of the diffraction maxima discussed in Section 
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128 A. DE VRIES 

molecular axis 

perpendicular 

a 
FIGURE 2 Schematic representation of a regular arrangement of parallel tilted 
molecules in a srnectic layer. The two-dimensional lattice in the plane of the srnectic 
layer is indicated by a and b ,  that in the plane perpendicular to the long molecular 
axis by a' and b' .  

2.c (above) give information on the lattice dimensions related to the 
packing of the molecules. These lattice dimensions can be obtained 
for all smectic phases that give sharp outer diffraction maxima. For 
orthogonal phases, the radial positions of these maxima directly yield 
the dimensions of the two-dimensional lattice in the plane of the 
smectic layer.* For tilted phases, the radial positions of the maxima 
give the dimensions of the two-dimensional lattice in the plane per- 
pendicular to the long axis of the unit cell of the s t r ~ c t u r e . ~ . ~  Gen- 
erally, one assumes that the long axes of the molecules are parallel 
to the long axis of this unit In that case, the two-dimensional 
lattice determined from the radial positions of the outer maxima is 
the lattice in the plane perpendicular to the long molecular axis (the 
a'b' lattice in Figure 2). One should not confuse this two-dimensional 
lattice, however, with the two-dimensional lattice defined by the two 
short axes of the unit cell (a  and b in Figure 2): these axes are located 
in the plane of the smectic l a ~ e r , ~ . ~  not in the plane perpendicular to 
the long molecular axis. 

3. Molecular length 

In addition to the diffraction effects discussed in I and 2 above, rod- 
like molecules also produce diffraction maxima related to their length.5.6 

tWe disregard here the smectic D phase which appears to have a structure without 
layers.' 
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X-RAY DIFFRACTION STUDIES 129 

From the radial positions of these maxima, one can calculate the 
average effective molecular length. 

4. Smectic layers 

In smectic phases, there are certain diffraction effects specifically 
associated with the smectic layer structure.? A stack of identical flat 
smectic layers, parallel to each other, as in a smectic monodomain, 
gives these diffraction maxima only in special directions, and only for 
certain orientations of the stack relative to the incident x-ray beam. 
Various kinds of information can be obtained from these data. 

u. Orientation 
From the position of the layer diffraction maxima, one can deter- 

mine the orientation of the smectic layers (see Figure 3). Since one 

diffracted x-ray beam 

smectic layer normal 

/- incident x-ray beam 

FIGURE 3 Illustration of the relationship between the orientation of the smectic 
layers and the position of the smectic layer reflections. The cross labeled C marks the 
center of the diffraction pattern, M and M’ are smectic layer reflections. The figure 
shows the orientation of the smectic layers corresponding to the reflection M’. The 
angle 8 is always small (only a few degrees) and can, for a first approximation, be set 
equal to zero. Thus, the smectic layers for both M and M’ are approximately perpen- 
dicular to the line MM’. 
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130 A. DE VRIES 

can also determine the average direction of the molecules (see I 
above), one can, by combining these two pieces of information, find 
the angle between the director and the plane of the layers. 

b. Layer thickness 
The diffraction angle of the smectic layer diffraction maxima is 

determined by the  thickness of the smectic layers. Thus, one can 
calculate this layer thickness from the radial positions of these max- 
ima. 

c. Regularity of stacking 
The regularity of the stacking of the smectic layers can be deter- 

mined from the width and the relative intensities of the corresponding 
diffraction maxima. For instance, one can obtain information o n  how 
flat the layers are and how well-defined, and how constant is the 
layer thickness (see also Section 6, below). 

5. Three-dimensional lattices 

Even though one- and two-dimensional lattices do give x-ray dif- 
fraction maxima, there are certain maxima that only occur when the 
lattice is three-dimensional.* A study of these maxima can give in- 
formation on the existence and extent of a three-dimensional lattice, 

6. Correlation lengths 

It frequently happens that a particular kind of order only exists over 
limited distances (e.g., smectic layer structures in nematic phases). 
A careful study of the x-ray diffraction pattern, in particular of the 
width of the corresponding diffraction maxima, can then yield the 
correlation lengths which are a measure of the average distances over 
which the order is maintained. 

7. Other aspects 

Studies of the diffraction pattern can give information on a variety 
of other things. Some examples will be given in Section 111.7. 

111 WHAT HAS BEEN LEARNED 

1. Molecular orientation 

Depending on the material and on the external conditions, one can 
obtain samples of nematic and smectic phases that are without pre- 
ferred orientation (“random samples”) (Figure 4a), samples with 
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X-RAY DIFFRACTION STUDIES 131 

FIGURE 4 X-ray diffraction photographs of nematic phases: (a) ordinary nematic 
without preferred orientation, (b) ordinary nematic with moderate preferred orien- 
tation, (c) ordinary nematic with strong preferred orientation. and (d) skewed cybo- 
tactic nematic with strong preferred orientation [from Ref. 91. 

moderate preferred orientation (Figure 4b), or samples with strong 
preferred orientation (“monodomains”) (Figures 4c and 4d). 

I n  all cases, the two main diffraction effects usually observed on 
x-ray diffraction patterns are (see Figure 4): the “inner ring” or “inner 
maxima” (close to  the center of the diffraction pattern, and corre- 
sponding to a diffraction angle? of only a few degrees), and the “outer 
ring” or “outer maxima” (much farther out in the diffraction pattern, 
and corresponding to a diffraction angle of about 

In the case of a monodomain, the extent of the outer-ring maxima, 

tThe diffraction angle (8) is equal to one-half of the angle (28) between the diffracted 
x-ray beam and the incident x-ray beam (see Figure 3). 
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132 A. DE VRIES 

measured along a circle around the center of the diffraction pattern 
(i.e., the azimuthal width), allows one to the orienta- 
tional order parameter S. Qualitatively, a comparison of Figure 4c 
with Figure 4d shows that in Figure 4d (a skewed cybotactic nematic) 
the degree of order is much greater than in Figure 4c (an ordinary 
nematic). Quantitatively, the S values obtained agree well with those 
determined by other methods (Figure 5 ) .  In all cases (i.e., random, 
monodomain, or otherwise; Figure 4), the outer-ring maxima give 
information on the orientation of the director (see, e.g., Section 
111.4. a). 

2. Molecular packing 

a. Average distance 
A considerable amount of work has been done on calculations of 

the average intermolecular distance D (i.e., the average distance 
between the long axes of adjacent molecules) from the diameter of 
the outer ring of the x-ray diffraction pattern.9.14,15.19-23 Most of the 
work through 1973 is summarized and referenced in Ref. 9; the data 
are graphically displayed in Figure 6. As may be seen from Figure 
6, the average value of D in common liquid crystal phases is about 
5 A.  An example of some recent data20 is Figure 7; the D values here 

S 

FIGURE 5 Temperature dependence of the orientational order parameter S in the 
nematic phase ofp-azoxyanisole. + : optical studies;I6 0: x-ray diffraction;!' 0: nuclear 
magnetic resonance spectroscopyIH [from Ref. 111. 
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X-RAY DIFFRACTION STUDIES 133 

D 

5.4 

5.3 

5.2 

5.1 

5.0 

4.9 

4.8 

4.7 

0 

G 

0 

B C  A 

0 

0 

I 

P 

N C  No I 

FIGURE 6 Plot of the intermolecular distance D according to phase-type and com- 
pound. Squares generally represent single measurements, rectangles represent the 
range of D for the temperature range investigated \from Ref. 9). 

are significantly greater than the corresponding values from Figure 
6, because the compound used contained a bulky group in the center 
of the molecule. Figure 7 shows that the relative precision of the data 
can be quite high (a = 0.003 A), but the unexpected decrease of D 
at the B-C transition probably indicates that there is still considerable 
uncertainty about the absolute accuracy of the data. The D values in 
the B and F phases of Figure 7 were calculated from the diffraction 
angle 0 with the formula 2D sin0 = 1.1547h, based on the assumption 
of a hexagonal lattice, and the D values in the C and A phases were 
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- 

- 

5.15 

F I G U R E  7 
are marked by error bars with a length of 4a [from Ref. 201. 

Intermolecular distance D as a function of temperature. The data points 

F (?) ; 0 : c :  A 

1 :  I  1: I  I  

calculated with the formula 2D sine = 1.117X, based on the as- 
sumption of a disordered packing of the molecules.*" Thus, the ap- 
parent change in D at the B-C transition depends on the validity of 
these assumptions. We are now inclined to believe (Ref. 23, p.  16) 
that even in the A and C phases there is enough short-range order 
to justify using the formula 2D sin0 = 1.1547h. Thus, this formula 
should have been used for all phases in Figure 7. If this would have 
been done, there would have been a small increase in D at the B-C 
transition, rather than a decrease. This appears to be much more 
reasonable. 

b. Regularity of packing 
The least-ordered liquid crystal phase is the nematic phase. The 

outer diffraction ring of this phase (Figure 8b) is, therefore, broader 
than that of any other liquid crystal phase. In the smectic A phase 
we still have a disordered arrangement of the molecules, within the 
layers, and the outer ring is still a broad ring (Figure 8a), although 
somewhat less so than in the nematic phase. The smectic B phase 
has an ordered arrangement of the molecules, and, as a consequence, 
the outer ring is fairly sharp (Figure 9b). 

t W e  believe, though, that this only applies to the appearance of rhe overage mo- 
lecular packing. and that locally. at a given moment. the molecules are arranged in a 
herringbone packing."."." 
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X-RAY DIFFRACTION STUDIES 135 
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136 A. DE VRIES 

0 10 20--30 0 10 20-30 
28 28  

FIGURE 9 
and (b) a smectic B phase [from Ref. 91. 

Diffraction patterns and densitometer traces of (a) a smectic E phase 

c. Type of packing 
In the smectic B phase, there is only one sharp outer ring (Figure 

9b), and the molecular packing appears to be a close-packing of 
cylinders? in which all nearest-neighbor distances are equal. In  the 
smectic E phase, however, the molecules are arranged in a herring- 
bone packing,26-28 there are two different nearest-neighbor distances, 
and there are two sharp outer rings corresponding to these distances 
(Figure 9a). The outermost ring in Figure 9a does not correspond to 
a nearest-neighbor distance, but is evidence of the fact that the layer 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
28

 1
9 

Fe
br

ua
ry

 2
01

3 



X-RAY DIFFRACTION STUDIES 137 

lattice in the E phase is much better developed than that in the B 
phase (Figure 9b), where this ring is absent. 

d .  Lattice dimensions 
The lattice dimensions corresponding to the packing of parallel 

molecules have been determined for the ordered smectic phases of 
many compounds. Some examples are: smectic B ,2*20.29*30 smectic 
E,26-29 smectic F,31.32 smectic G,3,4930.33*34 smectic H,33 and smectic 
1 , 3 2 3 5  

3. Molecular length 

The information about the molecular length that can be obtained 
from the x-ray diffraction pattern depends on the phase the sample 
is in. If the sample is in the isotropic phase, the diffraction pattern 
is like that of a random sample of the nematic phase (Figure 8b), 
only both rings will be weaker and more diffuse (Figure 8c). From 
the diffraction angle 0 of the inner ring, the molecular length e can 
then be calculated with the formula5v6 2.t sin0 = 1.229X. The variation 
of e with temperature, given in Figure 10, is typical of our experi- 
e n ~ e : ~ , ~ ~  starting at the N-Is point, the value of e decreases with 
increasing temperature, but this decrease tapers off, and at higher 
temperatures e may increase again. Extrapolated to the N-Is point, 
the value of e is generally quite close to e,, the length of the molecule 
calculated from standard bond lengths and angles under the assump- 
tion of a planar, all-trans conformation of the m ~ l e c u l e . ~ ~ ~ ~  We have 

x SYECTIC (d) 
+ ISOTROPIC LIQUID (1) 

I 

I 

I IS 
I 
I I I I I I 

100 I20 140 160 I80 

t ,.k 
FIGURE 10 
in the isotropic phase, as a function of temperature [data from Ref. 5). 

The layer thickness d in  the smectic phase and the molecular length t 
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138 A .  DE VRIES 

interpreted the agreement between t and e,  to mean that in the 
isotropic phase, close to the N-Is point, the molecules are predom- 
inantly in the fully extended conformation. The variation of 4 with 
temperature (Figure 10) can then be explained as indicating that the 
effective length of the molecule first decreases because of an increase 
in the numbers of molecules with other conformations3h and then 
increases because of thermal expansion. 

In the nematic phase, even though the inner diffraction ring (Figure 
8b) is stronger and less diffuse than in the isotropic phase (Figure 
8c), it is more difficult to determine t', because the relationship be- 
tween e and 0 now depends on the alignment of the molecules in the 
sample.s For a random sample, the formula is 2e sine = 1.229)\, as 
for the isotropic phase. If all molecules were strictly parallel to the 
incident beam, the formula would be q 1 - cos28) = A. If all molecules 
were strictly parallel to each other but perpendicular to the incident 
beam, the formula would be &in28 = A. Thus, to be able to calculate 
t', one would need to know both the direction and the degree of the 
alignment in the sample.37 

In smecric phases, the inner diffraction maxima (Figure 8a; Figure 
9) are related to the spacing of the smectic layers rather than to the 
length of the molecules. For this reason, the inner maxima do not 
provide any direct information about the molecular length in the 
smectic phase. In a number of cases, however, there are diffuse 
diffraction maxima that are related to the molecular length (Ref. 2, 
Ref. 3, and Ref. 38, pp.24-26), and then it may be possible to obtain 
direct information about t? from those. 

4. Smectic layers 

a. Orientation 
Figure 11 is the  diffraction pattern of an aligned sample of a smectic 

A phase. The smectic layers, which give the inner maxima, are es- 
sentially perpendicular to the imaginary line connecting the centers 
of the inner maxima (see Figure 3). The azimuthal positions of the 
outer maxima indicatelo that the director (i.e., the average direction 
of the long axes of the molecules) is parallel to the plane of the 
photograph and perpendicular to the imaginary line connecting the 
centers of the outer maxima. Thus, Figure 11 gives us the orientation 
of the smectic layers and of the director, and it confirms that in a 
smectic A phase the director is perpendicular to the layers. In a similar 
manner i t  is possible to obtain direct measurements of the tilt angle 
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X-RAY DIFFRACTION STUDIES 139 

FIGURE 11 X-ray diffraction photograph of an aligned smectic A phase [from Ref. 
91. 

in smectic C phases9J3~35~39-46 and in other tilted smectic phases, and 
also in skewed cybotactic nematic pha~es . lO.~’ -~~ 

b. Layer thickness 
From the diffraction angle 8 of the inner maxima, one obtains the 

smectic layer thickness d with the Bragg formula: 2d sin6 = nh 
(n = 1 for the first-order inner ring, n = 2 for the second-order, 
etc.). An example of some recent data is given in Figure 12, and 
many more data? can be found in the literature.2.3.5*13.19.20.22.23. 26 -29. 

For orthogonal phases, i.e., phases in which the director is per- 
31,33,35,36,54 - 62 

?Of the various ways in which x-rays are used in the study of liquid crystals, the 
determination of d appears to be the most common one. 
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140 A. DE VRIES 

FIGURE 12 Layer thickness d as a function of temperature. The data points are 
marked by error bars with a length of 20; the full line is obtained by fitting a model 
[from Ref. 531. 

pendicular to the smectic layer, one might expect that d would be 
equal to the molecular length t .  It has been generally found, how- 
ever,that d is lesst than e ,  and various explanations had been pro- 
posed for this.5*54-56.63 It now appears, however, that these expla- 
nations are not necessary, and that the differences between d and e 
can be adequately explained by taking account of the orientational 
disorder of the molecular long axis, which is present in all smectic 
phases .37.64.65 

For tilted phases, the differences between d and e ,  or between the 
d in the tilted phase (d,) and the d in the corresponding orthogonal 
phase (do), have been used to calculate “tilted angles” cx with the 

tively, and this has also been done for skewed cybotactic nematic 
p h a ~ e s . ’ ~ , ~ * . ~  It should be noted, however, that none of these cal- 
culations have taken into account the effect of orientational disorder, 
and that, since this disorder is quite large, all these calculations should 
be re-done with models incorporating the orientational disor- 

formulas d = ecos(r4.13.34.58.~ or d, = doCOS(X,20.35.44-46.57.60 respec- 

der.53.67.68 
c. Regularity of stacking 
Since a stack of identical flat smectic layers, parallel to each other, 

gives layer diffraction maxima only in certain directions (Section 11.4), 

t We exclude here from the discussion smectic phases with bilayers. 
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one can judge the distribution of the orientations of the layers within 
a sample from the azimuthal spread in the diffraction directions (this 
is similar to the determination of the orientational order parameter 
S from the azimuthal extent of the outer ring maxima; see Section 
111.1). In a good monodomain sample, the layers should, of course, 
be very closely parallel to each other. For smectic A layers on glass 
or mica a spread of 0.05”-0.16” has been reported,69 and for freely- 
suspended smectic B films a spread of less than 0.01” has been re- 
ported .70 

The concept of paracrystallinity” allows the calculation of several 
parameters, describing different kinds of distortions in the smectic 
layer stacking, from the width and intensity of the smectic layer 
 reflection^.^^ X-ray diffraction data obtained from the lamellar struc- 
ture of myelin have also been found to be consistent with a para- 
crystalline Other measurements of intensity and width of 
the smectic layer reflections have been interpreted as showing that 
the smectic A phase maintains nearly perfect periodicity but is subject 
to large local motions73 (see also Section 111.7). 

5. Three-dimensional lattices 

Many smectic phases with an ordered arrangement of the molecules 
within the layer are now believed to have a three-dimensional lattice. 
An important criterion in deciding whether a given phase has a three- 
dimensional lattice is the existence of x-ray reflections for which all 
three indices are non-zero8 (see Table 1). This criterion has been 
used in assigning a three-dimensional lattice to a smectic G 
to smectic E and to smectic B  phase^.^^.^^ Liquid crystal 
phases with a three-dimensional lattice have often been called “crys- 
talline,” but it has been pointed out that there are significant differ- 
ences between such “crystalline” liquid crystals (“liquid-crystalline 
solids”) and ordinary crystals (“crystalline solids”).77 -79 

6. Correlation lengths 

From an analysis of the x-ray diffraction pattern, correlation lengths 
have been obtained for a number of different situations: smectic B 
order in an isotropic phase,80 smectic A order in nematic  phase^,^^,^'.^^ 
smectic C order in nematic phases,47.83v93 layer correlations in smectic 
A ,46,84 B,2.8s and G2.4*85 phases, and positional order in smectic A ,& 

B,86 C,87 F,87.88 and G87 phases. 

tAt  that time this phase was called smectic H, but now it has been reclassified as 
G.’.‘ 
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142 A. DE VRIES 

TABLE I 

Indices and observed 20 values for x-ray 
reflections from the smectic G phase of 4- 

butyloxybenzal-4'-ethylaniline (from Ref. 3). 

hk4 20" hkC 20" 

001 4.9 
2 10.2 
3 15.4 
4 20.3 
5 25.7 

021 36.5 
0 36.1 
1 36.0 

1B 21.8 
2 20.4 
1 19.8 
0 20.5 
1 22.6 
2 25.3 
3 29.6 
4 33.1 

114 24.6 
22.5 

2 20.0 
1 19.5 
Q 20.5 
1 22.7 

- 

203 22.1 
4 19.3 
3 17.7 
2 17.4 
1 18.5 
0 20.7 
1 23.5 
3c 32.0 

1 33.8 
0 36.1 
1 38.7 

312 32.0 
1 33.9 
0 
1 38.9 

40a 34.4 
3 35.7 

- 
- 
- 

- z 
1 39.2 
0 42.1 

"Calculated from the data in Ref. 3 with a sample- 
to-film distance of 50.87 mm. 

7. Other aspects 

a. The structure of liquid crystal phases 
X-ray diffraction has played a major, and often crucial, role in the 

determination of the structures of the many different types of liquid 
crystal phases. A discussion of this, however, falls outside the scope 
of this paper. 

b. Phase transitions 
Recently, high-resolution x-ray diffraction studies have contributed 

significantly to the study of the nature of the various phase transitions 
between liquid crystal phases. Again, however, this falls outside the 
scope of the present paper. 

c. Free-standing smectic films 
A special technique for studying the structure of smectic liquid 

crystals is the use of free-standing smectic films. It has been found 
that this method yields extremely good monodomains (see Section 
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III.4.c, above). Using such monodomain samples, it was shown that 
there are two different kinds of.smectic B phases: those with 3-D 
positional order (“crystal B”), and those without (“hexatic B”).70,75.89 
It should be kept in mind, however, that free-standing film samples 
can be much more ordered than other samples of the same compound 
at the same temperature. 

d.  High-intensity x-ray sources 
Most of the x-ray work discussed in this paper can be and has been 

done using conventional sealed x-ray tubes (0.5-1 kW). For high- 
resolution studies,“-46.73,81,83,84,86 however, and for studies on free- 
standing smectic f i l r n ~ , 7 ~ - ’ ~ , ~ ~  one often needs more powerful x-ray 
sources, like rotating anodes (4-50 kW). A few studies have even 
used s y n c h r ~ t r o n ~ ~ . ~ ’  or plasmagz radiation. 
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