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Abstract. The atomic structure of single-wall carbon nanotube bundles produced by three different tech-
niques (laser ablation, electric arc discharge and catalytic chemical vapor deposition (CCVD)) has been
characterized by electron diffraction and microscopy. Information on the helicity and the lattice packing
has been obtained. Concerning the helicity, small bundles produced by CCVD exhibit only one or two tube
helicities within a single bundle. The diffraction patterns of laser-ablation produced bundles also present
well-defined but more diversified chiralities within a single bundle. By contrast the data acquired on bun-
dles formed by arc discharge show a more diffuse pattern, characteristic of a random chirality dispersion
within a single bundle. Concerning the lattice packing, informations are obtained wia a detailed study of
the equatorial line of the diffraction pattern for bundles produced by the three techniques. This electron
diffraction study is completed by high-resolution electron microscopy.

PACS. 61.14.-x Electron diffraction and scattering —

68.37.Lp Transmission electron microscopy (TEM)

(including STEM, HRTEM, etc.) — 61.48.4-c Fullerenes and fullerene-related materials

1 Introduction

Since the discovery of carbon nanotubes by Iijima [1], ex-
tensive research has been devoted to their structural char-
acterization [2]. The intrinsic simplicity of the single-wall
carbon nanotubes (SWNTs) makes them ideal objects for
the investigation of reduced dimensionality effects. Indeed,
a single-wall carbon nanotube can be built by rolling up a
single graphene sheet and is uniquely defined by its chiral
vector C,, ,, = na+mb, where a and b are the unit vectors
of the honeycomb network, and n and m are integers [3].
Depending on the wrapping indices (n, m), different types
of nanotubes are obtained: (1) zigzag nanotubes corre-
spond to (n,0) and have a chiral angle of 0°, (2) (n,n)
armchair nanotubes have a chiral angle of 30°, (3) other,
chiral (n,m) nanotubes have a chiral angle ranging from
0° to 30°.

There are not so many techniques available today to
fully characterize SWNT bundles. Global investigations
can be done using methods applicable to macroscopic sam-
ples, such as Raman spectroscopy [4] and X-ray or neu-
tron diffractions [5]. However, to study individual bundles
(diameter, helicity, etc.), the only two powerful techniques
are scanning tunneling microscopy (STM) [6-8] and trans-
mission electron microcospy (TEM) coupled with electron
diffraction (ED) [9]. The (n,m) identification is possible
using STM images of atomically resolved isolated single-
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wall carbon nanotubes [6-8]. ED is the most direct and
fast technique that gives access to detailed information
about the structures of SWNTs within bundles [9].

Single-wall carbon nanotubes synthesized by three dif-
ferent methods (laser ablation, electric arc discharge and
CCVD) have already been characterized by TEM tech-
niques. Nanotubes appear sometimes isolated, but are
most often packed together by van der Waals forces
to constitute bundles [9]. Concerning the laser ablation
method [10], high-resolution electron microscopy (HREM)
and X-ray diffraction of the bundle material suggest that
the individual single-wall nanotubes have a rather uniform
diameter of approximatively 13.8 A in typical conditions
and are ten to hundred micrometer long. They are packed
within the ropes in a two-dimensional triangular lattice
with van der Waals inter-tube bonding (estimated to be
3.2 A) and lattice constant equal to 17 A, typically. An-
other popular technique for the production of SWNTs is
the electric arc discharge. A great similarity in the char-
acteristics of SWNT samples has been found with those
produced by laser ablation [11]. Indeed, the SWNTs have
diameters around 14 A, and they form crystalline bundles
of a few tens of tubes. The atomic structure (i.e. diam-
eter) of the SWNTs synthesized by these two techniques
depends on the growth conditions (temperature, catalysts,
etc.) [12,13].

The SWNTSs produced by the CCVD method show a
structural organization different from those synthesized by
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the first two techniques. Samples constitute of SWNT's or-
ganized in bundles, mixed with isolated SWNTs present
in large quantity [14,15]. The diameter distribution of
SWNTs appears to be large (between 8 and 20 A) [15].

Electron diffraction is a technique well-suited to char-
acterize carbon nanotubes. It was first proved for the
case of multi-wall nanotubes, for which the chiral char-
acter of the structure has been analysed [1]. ED has
also been applied to single-wall carbon nanotubes [9]
and various works have been performed to determine
the helicity of SWNTs within the bundles[16-24]. A
nanodiffraction study [16] obtained on a sample pro-
duced by laser ablation showed that the SWNTs present
a predominant helicity corresponding to the armchair
(10,10) tubes, together with a small proportion of (11,9)
and (12,8) tubes, as previously predicted [10]. How-
ever other results using nanodiffraction [17] or selected-
area electron diffraction (SAED) [18,19] revealed a
wide range of helicities. In most cases, the helicity
was found to be randomly distributed in the range
between the zigzag and armchair structures [17-21].
As for the SWNTs synthesized by electric arc discharge,
detailed SAED experiments indicated a uniform distribu-
tion of helicity in the bundles [22]. Concerning the SWNT's
produced by the CCVD method, we have already reported
that the smallest bundles of SWNTs most often exhibit a
well-defined helicity, due to a small number of tubes within
the bundle, but no preferred helicity has been found [23].
Very recently, new results showed that the synthesis of
perfectly ordered single crystals of SWNTs with identical
diameters and chiralities is possible using thermolysis of
nano-patterned precursors [24].

In this paper, we present new and detailed experi-
mental results obtained by electron diffraction on small
and isolated straight bundles of single-wall carbon nan-
otubes produced by the three aforementioned methods of
production. Comparing for the first time SWNT bundles
produced by different techniques under the same experi-
mental conditions, we were able to confirm that the small
bundles produced by the CCVD method exhibit only one
or two tube helicities within a single bundle. The diffrac-
tion patterns of bundles produced by laser ablation also
present well-defined but multiple helicities within well
crystalline bundles. The data acquired with arc-discharge
produced bundles however give more diffuse patterns, as-
sociated with a wider distribution of helicities within a
single bundle. Moreover, for the first time, we obtain
and compare informations about the lattice packing of
the bundles produced by the three different methods by
analysing the equatorial line of diffraction patterns. This
study is completed by a HREM characterization of SWNT
material used in the ED experiments.

2 Experimental

Laser ablation SWNT samples were produced as described
n [10]. The SWNTs synthesized by electric arc discharge
were produced with a mixture of Ni/Y /99 at % following
the procedure described in [11]. The CCVD SWNTSs were
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Fig. 1. (a) Selected area electron diffraction pattern of a bun-
dle synthesized by the CCVD method at normal incidence and
(b) TEM image of the bundle involved in the ED experiment.

synthesized on 2.5 wt % Co/MgO catalyst by decomposi-
tion of methane at 1000 °C and purified by a hydrochloric
acid treatment to remove the catalyst. The experimental
procedure has been reported in [14].

The tube-containing material was mechanically trans-
ferred to a copper transmission electron microscope grid
and examined in a JEOL 200 CX microscope.

3 Results and discussion

We focus our ED study on isolated straight bundles
of SWNTs produced by the three methods mentioned
above. We start with bundles produced by the CCVD
method [14]. Figure la displays a typical ED pattern ob-
tained at normal incidence on a single straight bundle.
The two main features in the ED pattern is a line crossing
the central 000 beam which is perpendicular to the bun-
dle axis (equatorial line) and the hk.0 reflections situated
on two concentric “circles” centred on the 000 beam. The
radii of the inner and outer circles are consistent with the
length of the diffraction vectors of type 1010 and 1120
of graphite, respectively. Both 1010 spots and 1120 spots
form perfect hexagons on the two circles. There are two
hexagons by around each circle suggesting the presence
of a single helicity for a chiral tube. The orientation of
the two hexagons in the same circle differs by an angu-
lar separation of 2« (experimental angle) where « is the
chiral angle. A detailed theoretical analysis of such pat-
tern has been provided within the reciprocal space descrip-
tion of carbon nanotubes [2,25,26] or by the kinematical
theory of electron diffraction [27-29]. In the present case,
the experimental angle has been estimated around 32°;
the chiral angle « is therefore 16°. A precise measurement
of the angle is made difficult by the streaking of the spots
due to the strong curvature of the (tubes) bundle.
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Fig. 2. Selected area electron diffraction patterns of SWNT bundles synthesized by the CCVD method at normal incidence
showing one helicity (a) 25°, (b) 24°, and (c) 30°, or two helicities (d) 16° and 27°, (e) 20° and 26°, or (f) more than two.

Considering the equatorial line, the spot positions
along this line are determined by the stacking periodic-
ity of the tubes and the orientation of the bundle with
respect to the electron beam. The detailed analysis of the
equatorial line will be given after the discussion about the
observed helicities.

A TEM image of the SWNT bundle involved in the
ED experiment is given in the Figure 1b. In this case,
the bundle has 8 nm in diameter and is not twisted along
the needle axis. Generally, we have chosen the bundles
that are not the result of a coalescence of other bundles.
The average diameter of the bundles considered in the ED
experiments was around 10 nm (20-30 tubes) and we es-
timated the average lattice parameter to be around 14 A.

The ED experimental pattern displayed in Figure 1a is
a typical example selected from a more systematic study.
Other well-defined diffraction patterns obtained on bun-
dles synthesized by the CCVD method have been recorded
and some of them are shown in the Figure 2. The diffrac-
tion pattern contrasts have been adjusted to optimize the
analysis of the hk.0 reflections. In the ED patterns, both
the 1010 spots whose positions contain all the information
about the helicity of the SWNTs and the equatorial line
that gives informations about the packing are well visi-
ble. Generally, when we observe well-defined helicities in
the diffraction pattern, the corresponding equatorial line
presents well-defined spots as well, i.e. the crystallinity of
the bundle is good. In all the diffraction patterns shown
in the Figure 2, the helical angles can be estimated. These
patterns confirm the fact that most of the small bundles
produced by the CCVD method exhibit only one or two
tube helicities [23]. Among 20 diffraction patterns from
small SWNT bundles recorded in this work, 9 revealed a
single helicity and 8 were found with two helicities. In the
case of patterns having just one helicity, the helical an-

gles are often close to 30° (Figs. 2a to c¢). When two chi-
ralities are observed, the helicity distribution seems to be
broader (Figs. 2d and e). The exact chiral angles are given
in the caption of the Figure 2. The last diffraction pattern
(Fig. 2f) presents several helicities (more than two) but
the 1010 circle remains clearly spotty. Except for a weak
tendency for the “armchair structure” when the bundles
present a single helicity, no preferred helicity was found.
We have already argued [23] that the small diameter of
the bundles considered in the ED experiments in the case
of SWNTs produced by the CCVD method seems to be
the main reason for the selectivity of helicity. The obser-
vation of several helicities is attributed to the branching
of several homogeneous bundles. This conclusion has also
been substantiated by the fact that the equatorial line
of CCVD bundles that exhibits 2 chiralities reveals two
lattice parameters, i.e. the presence of 2 nanocrystals of
different periodicity [23]. To complete this study, we now
discuss in details two cases of intensity profile along the
equatorial line for bundles presenting a single and two he-
licities, respectively. The first typical example of a spotty
equatorial line is shown in Figure 3a, which is the mag-
nification of the equatorial line of the diffraction pattern
of Figure la exhibiting a single helicity (a = 16°). Five
spots can be distinguished and, in spite of their elongated
shape, their spacing can be measured to estimate the bun-
dle lattice parameter. The width of the peaks is due to the
finite number of tubes in the bundles and the form factor
of a single tube.

Figure 3b displays the experimental equatorial line
profile of intensities. We observe that the signal inten-
sity of several spots is saturated, giving an uncertainly
on their positions. Figure 4 represents the equatorial
line profile computed with the kinematical theory for
a homogeneous bundle of nanotubes approximated by
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Fig. 3. (a) Magnification of the equatorial line of the SAED
pattern of Figure la and (b) experimental equatorial line pro-
file of intensities.

(14,5) tube
4k Kk K k k

1.2 3 4 5

Intensity

Fig. 4. Computed equatorial line profile for SWNT bundle
made of (14,5) tubes. The horizontal line represents a possible
saturation level of the spot in the experimental profile.

continuous cylinders [2,22,23] and composed of 31 (14,5)
tubes (d; = 13.36 A). The comparison of the experimen-
tal diffraction profile (Fig. 3b) and the simulated curve
(Fig. 4) indicates that the observed bundle could be con-
stituted of (14,5) tubes.

The second analysis of a spotty equatorial line has
been made for the bundle presenting two chiralities: 20
and 26° (the corresponding SAED pattern is given in
Fig. 2e). Along the equatorial line (Fig. 5a), four spots
can be distinguished. As for the precedent case, the ex-
perimental equatorial line profile of intensities has been
drawn (Fig. 5b) showing that all the spot intensities are
saturated in intensity.

Figure 6 represents three equatorial line profiles com-
puted for two homogeneous bundles, one made of 31 (12,6)
tubes (d; = 12.44 A, o = 19°) and the other by 31 (10,9)
tubes (d; = 12.89 A, o = 28°); the third profile is the
sum of the first two curves and describes the diffraction
pattern that would result by combining the two nanobun-
dles, constituted by the two types of tubes. Due to the
similar diameter of the two types of tubes involved (12.44
and 12.89 A), no definitive conclusion can be drawn for
this equatorial line only: the bundle could be the result of
the association of two monochiral nanobundles (one com-
posed of tubes with chirality around 20° [(12,6) tubes] and
another with chiral angle around 26° [(10,9) tubes]) with
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Fig. 5. (a) Magnification of the equatorial line of the SAED
pattern of Figure 2e and (b) experimental equatorial line profile
of intensities.

——(12,6) and (10,9) tubes
(12,6) tube
———(10,9) tube

Intensity

K (A™)

Fig. 6. Computed equatorial line profiles for SWNT bundles
made of (12,6) and (10,9) tubes.

nearly the same diameter, as shown by the full line in Fig-
ure 6. Or the bundle could be made of a mixing of both
kinds of tube within a single lattice. In both cases, there is
reasonable correspondence between the experimental spot
positions and the computed values. Note that in refer-
ence [23], we have shown a case where the equatorial line
of a bundle have to be analysed in term of two distinct
nanobundles with distinct lattice parameters.

Another observation concerns the lattice parameter ex-
tracted from this detailed analysis of the equatorial line.
Indeed, in the two cases studied, the tube diameters were
around 12-13 A (depending on the considered case) in-
volving a lattice parameter around 16-17 A. Based on the
TEM images, we have already estimated the average lat-
tice parameter in a series of bundles to be around 14 A.
This difference can be explained by the dispersity of diam-
eters of the SWNTs synthesized by the CCVD method [15]
where the diameter distribution appears larger than in
the samples produced by other methods. Note that in the
previous paper [23], the value of the lattice parameter ex-
tracted from a similar study corresponded precisely to the
average 14 A.

For the laser production, previous SAED stud-
ies [18,19] revealed an uniform distribution of the helici-
ties in the SWNT bundles. The corresponding diffraction
patterns show continuous intensity arcs on the 1010 and
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Fig. 7. Selected area electron diffraction patterns of SWNT
bundles synthesized by laser ablation at normal incidence:
(a) experimental pattern exhibiting three helicities and (b) the
same pattern with the identification of the six hexagons,
(c) other experimental pattern exhibiting two helicities and
(d) the same pattern with the identification of the four sets of
hexagons.

1120 diffraction circles, the reflection intensity being con-
centrated narrowly at the positions corresponding to the
armchair structure [18,19].

Figure 7 displays two typical ED patterns of SWNTs
produced by laser ablation. We do not observe the con-
tinuous intensity arcs, characteristic of a uniform helicity
distribution. Instead, several clearly separated spots re-
veal the presence of multiple but well-defined helicities.
The intensity of the spots is weaker near the equatorial
line than close to the two poles and the spots are elon-
gated in the direction normal to the tube axis, due to the
curvature of the tubes and the finite size of the bundle.
Both properties are in agreement with computer simula-
tions [2].

Analyzing in detail the first experimental diffrac-
tion pattern (Fig. 7a), six hexagons can be seen. They
have been visualized by numbering one of their vertices
(Fig. 7b). They are grouped two by two and three angles
2a can be estimated to be 53°, 38° and 23°, correspond-
ing to three chiral angles 26.5°, 19° and 11.5°. The sec-
ond diffraction pattern is shown in Figure 7c. The inner
circle contains four hexagons of weak, elongated spots, la-
belled from 1 to 4 in Figure 7d. The two hexagons, noted
2 and 3, correspond to a chiral structure with an angle
2« estimated around 45° corresponding to a chiral angle
of 22.5°. The other two sets of hexagons, noted 1 and 4
give an angle 2« estimated around 18° corresponding to a
chiral angle of 9°. A precise measurement of the angle 2«
is made difficult by the streaking and the weak intensity
of the spots.
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Fig. 8. Transmission electron microscopy images of SWNT
bundles synthesized by laser ablation, the images a and b cor-
respond to the diffraction patterns shown in Figure 7a and c,
respectively.

Fig. 9. “Cross section” of the bundles (tubes axis perpendic-
ular to the image plane) showing a triangular lattice involving
more than 100 tubes with (a) a lattice parameter of 17 A and
(b) a lattice parameter of 16.3 A (the arrow marks a tube with
a larger diameter). The tubes are produced by laser ablation
technique.

Figure 8 shows the TEM images of the SWNT bundles
used in the ED experiments described above. However, the
bundles appear to be straight and the tubes are perfectly
aligned, with no twisting or bending of the bundle. The
inter-fringe distance depends on the orientation of the tri-
angular lattice with respect to the electron beam and this
distance is constant all over the image. We estimate the
bundle diameters involved to 20 nm (Fig. 8a) and 23 nm
(Fig. 8b).

Figure 9a shows a “cross-section” view of a ~ 100-
tube bundle oriented with its axis parallel to the beam
direction. This figure reveals clear close-packed triangular
arrangements that appear to be perfect. The SWNTs are
fairly uniform in diameter as far as it can be determined
by HREM. The two-dimensional triangular lattice has a
lattice constant of 17 A. Assuming an inter-tube distance
of 3.2 A, the mean tube diameter is 13.8 A. The HREM
images of the SWNT bundles (generally) agree well with
the data reported previously [10]. However, slightly differ-
ent tube diameters have also been found inside the same
batch of samples, as e.g. in Figure 9b, where the lattice
constant value is about 16.3 A. Another observation in
Figure 9b is the presence of one nanotube with a larger
diameter (around 28 A, indicated by the arrow) than the
others (13.1 A) Such significantly larger tubes are gener-
ally located in the external layers of the bundle.
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Fig. 10. (a) Selected area electron diffraction pattern of a
bundle synthesized by laser ablation at normal incidence ex-
hibiting two helicities (18° and 30°). (b) Magnification of the
equatorial line and (c) Intensity along the equatorial line.

A striking feature in such sectional views is that typi-
cal bundles of SWNTs in our sample appear to be made of
several smaller, well-defined nanocrystalline bundles. Hav-
ing that in mind, it is tempting to attribute the few helic-
ities observed by ED to separated nanobundles. We also
note that the bundles chosen have a larger diameter than
the ones we have considered for the SWNTs produced by
CCVD. With the laser-produced nanotubes, it was very
difficult to find bundles with small diameter due to the
strong coalescence of the bundles in ropes. We believe
that this is why the bundles generally present a distribu-
tion of helicities due to the coalescence of smaller bundles.
And for the smaller ones, we found well-defined but multi-
ple helicities can be observed. This fact is consistent with
the hypothesis already given for the SWNTs produced by
CCVD where the larger bundles appear to be the result
of the coalescence of smaller ones with different helicities
and diameters.

For the sake of comparison, we analyze the equato-
rial line of a bundle exhibiting defined helicities produced
by laser ablation. The corresponding diffraction pattern
is given in Figure 10a. Along the first circle of diffraction,
three elongated spots can be observed on both sides of the
north and the south poles. One set of spots, the weaker
ones, corresponds to the armchair structure (o = 30°),
and the two others, to a chiral structure with an angle 2«
around 36° and, then, a chiral angle « of 18°. In the cor-
responding experimental equatorial line (Fig. 10b), three
intense spots come out and their spacing can be measured
to estimate the bundle lattice parameter. Figure 10c dis-
plays the experimental equatorial line profile with the es-
timated positions of the spots.
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Fig. 11. Computed equatorial line profiles for SWNT bundles
made of (10,10) and (13,7) tubes.

Fig. 12. (a) Selected area electron diffraction pattern of a bun-
dle synthesized by electric arc discharge at normal incidence
and (b) TEM image of the same bundle.

Figure 11 represents three equatorial line profiles com-
puted for two homogeneous bundles, one made by 31
(13,7) tubes (d; = 13.77 A, a = 20°) and the other
by 31(10,10) tubes (d; = 13.57 A, a = 30°); the third
profile is the sum of the first two curves combining two
nanobundles, one made of (13,7) tubes and the other made
of (10,10) tubes. In this case, as for Figure 6, definitive
conclusions can not be drawn from the comparison of Fig-
ure 10b and Figure 11 on the formation of the considered
bundle from this analysis of the equatorial line, due to the
similar diameter of the two types of tubes.

We now focus our attention to the SWNTs produced
by electric arc discharge. Detailed SAED experiments have
already been done and show a uniform distribution of he-
licity in the bundles [22]. The SWNT bundles generally
contain 20 or 30 tubes, with a diameter ranging from 5
to 20 nm, i.e. they are generally smaller than the ones
synthesized by laser ablation.

Figure 12a displays a typical ED pattern obtained on a
SWNT bundle synthesized by electric arc discharge. The
isolated SWNT bundle observed in the ED experiment ap-
pears straight with no twisting or bending (Fig. 12b); its
diameter is 17 nm. Focusing our interest on the helicity,
the main feature observed in the experimental diffraction
pattern is the presence of two diffuse arcs located around
the 1010 and 1120 diffraction circles. The diffracted in-
tensity along these arcs is not as spotty as it was in the
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Fig. 13. (a) Magnification of the equatorial line of the SAED
pattern for a bundle exhibiting a distribution of chiralities and
(b) experimental equatorial line profile of intensities.

Intensity

Fig. 14. Computed equatorial line profile for a bundle exhibit-
ing a distribution of chiralities (mean diameter of tubes equal
to 13.6 A).

previous cases for SWNT's produced by CCVD or laser ab-
lation. The largest intensity is found near the north and
south poles, and a weaker one near the equator. This dif-
fuse distribution of intensity has already been explained
by the presence of a random and continuous distribution
of helicities [22]. Concerning the equatorial line of this ED
pattern, it appears diffuse and without clear maxima due
to the strong diffracted intensity along this line. Then,
to complete the study, we have adjusted the contrast of
the diffraction patterns to optimize the observations of the
spots along this line for the very same bundle. Along the
line (Fig. 13a), four spots can be distinguished and their
spacing can be measured to estimate the bundle lattice pa-
rameter. Figure 13b displays the experimental equatorial
line profile of intensities with the estimated positions of
the spots. Figure 14 represents the equatorial line profiles
computed for a bundle presenting a large distribution of
helicities (mean diameter of tubes equal to 13.6 A). There
is a fair agreement with the peak positions measured ex-
perimentally.

Another but atypical diffraction pattern is shown in
Figure 15. The pattern contrast results from a longer ex-
posure time used to reveal the hk.0 reflections, which ex-
plains why the 000 spot appears so large. In this case,

117

Fig. 15. Selected area electron diffraction pattern of a SWNT
bundle synthesized by electric arc discharge at normal inci-
dence.

the 1010 diffraction circle is spotty, but the spots are dif-
fuse. The long exposure time explains the diffuse character
of the 1010 spots. However, the distribution of helicities
is not continuous as in the previous case, but localised
around precise angle values. Unfortunately, information
on the packing of the tubes inside the bundle is impossi-
ble to deduce from the structure of the equatorial line due
to the very broad 000 spot.

The results obtained from bundles synthesized by elec-
tric arc discharge are consistent with the previous stud-
ies [22]. We never found in the sample a bundle having
precise helicities such as in the samples produced by the
CCVD method or laser ablation, even in the cases where
the bundle diameter was very small. This fact might be ex-
plained by a wider dispersion of the tube diameters within
a single bundle.

As a last comment, we would like to emphasize the
differences in the equatorial line of diffraction between
CCVD bundles and bundles produced by other methods
(laser ablation, electric arc discharge). For electric arc dis-
charge and laser ablation, only three or four spots (for
k <1.50 A‘l) are observable whereas for CCVD bundles
peaks up to 2 A have been resolved.

Generally, the computed line profiles (Figs. 11 and 14)
reproduce well the intensities of the laser ablation and
electric arc discharge bundles but not the intensities of
the CCVD bundles, even if one takes into account the
non linear response of the photographic film. In particular,
the intensity of spots around 2 A~! is most often under-
estimated by the simulation made within the continuum
model. First, an average on all the cristallographic orien-
tations of the bundle with respect to the electron beam
has been performed in order to simulate the twist of the
bundle. Indeed, this effect changes the orientation of the
bundle lattice with respect to the electron beam. However,
inside the selected-area used in the ED experiments, the
considered bundle may not present all possible cristallo-
graphic orientations, when the twist period is too large.
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As consequence, the intensity profile of the equatorial line
can not be completely described by the simulations. Sec-
ond, nanotubes represented by continuous cylinders were
considered in the present simulation. A carbon-carbon co-
herent atomic packing inside the bundle might influence
the intensity of the peaks. A more complete study about
the intensity profile along the equatorial line based on the
kinematical theory of diffraction is in progress [30].

4 Conclusion

We have performed a detailed electron diffraction analy-
sis of SWNT bundles synthesized by the three common
production methods of, i.e. the catalytic chemical vapor
deposition, laser ablation and electric arc discharge. This
analysis has been completed by an HREM characteriza-
tion of the bundles. We confirm that most of the small
bundles produced by the CCVD method exhibit one or
two helicities. In the case of laser ablation, well-defined
helicities are also found for bundles with small diameters.
We attribute the distribution of helicities to the coales-
cence of small bundles to constitute larger bundles. For
the SWNTs produced by electric arc discharge, we find a
distribution of helicities for the small bundles that could
be explained by the non- uniform diameter of tubes within
a single bundle. Moreover, a peak with abnormal high in-
tensity at k ~ 2 A~! is found on the equatorial line of
CCVD produced nanotubes.
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