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Abstract. Spectral dependences and distributions of
diffraction intensity of short-wave radiation (X-ray,
particles of corresponding energies) by non-chira, chiral,
spiral and radial lattices in the internal hole of nanotube
are cdculated. The significant increase of intensity,
diffracted by some kinds of nanotubes at characteristic
lengths of waves, is shown. Differences and abnormal
character of radiation propagation through the hole are
determined.
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1. Introduction

One of the unique properties of nanctubes is the
presence of internal cylindrical hole, not having a crystal
lattice, but being an integral part of the cylindrical crystal.
The problem of radiation diffraction in such a hole by
cylindrical structure, surrounding it, is of fundamental
interest and can enable for new applied developments.

Experimental researches have alowed
distinguishing three types of nanotubes, having non-chiral,
chiral and spiral (roll and cone) structures, as a whole
called layered [1]. The fourth type — radial structure — can
arise at sorption atoms by internal hole or an external
surface of a nanotube [2].

With the purpose of revealing the basic features
and distinctions between scatterings by cylindrical crystals
of various types we shall consider a case of their lattices.
As the distance up to observing point is comparable with
the distances between the scattering centers, the genera
Fresnel’s approach is used, that is why we shall consider
diffraction of spherical waves.

The amplitude of Fresnel diffraction by
cylindrical latticein case of direct passagelookslike:
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where m = 0—«(M-1) — number of the site cylinder or of the
turn of a site spiral, n = 0{N-1) — number of a site circle
(or aturn of the helix) on the cylinder or number of a site
spiral, n = 0~pr-1) — number of a site on the circle (or on
theturn of the helix) of the cylinder or on the turn of a site
spiral, pm— number of sites on the circle or on the turn of
helix of m-th cylinder, or on the m-th turn of spiral,| —a
wavelength, p, ¢ and z — radial, circular and longitudinal
coordinate of observing point. Values prm,, @my and zZm,
generally present the cylindrical components of lattice
vector, in special cases the number of interlinear indexes
canbeless

Let's perform the analysis of spectral dependence
of scattered intensity and its spatia distribution by the
direct numerical calculation of all lattice sums, having
placein (1). We shall take cylindrical components of the
radial lattice in the form, corresponding to cylindrical
analogue of a body-centered bulk crystal:
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where d — diameter of atom, ng — quantity of atoms on an
internal cirdle, other designations correspond to layer
structures [1]. By default for calculations the following
values of lattice parameters were used: a=5A, d=7A,
b = 22d/g, g = 5, Az = a/13; besides in radial lattices:
d=a, ro=ngd/2x.

2. The Spectral Dependence of
Diffraction Intensity

The mathematical analysis of amplitude (1) for
non-chiral lattice has shown [3], that corresponding
intensity should have essential increase at
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where a — lattice parameter in direction of the nanotube's
axis. We shall name such wavelengths * characteristic”.

In Fig. 1 the spectra dependences of scattered
intensity in the center of nanotube by h as continuous
variable (itsinteger values number the characteristic wave
modes according to (3)), calculated from (1) are
presented. In Fig. 2 a comparison of spectral charac-
teristics of non-chiral and radial lattices, where argument
isawavelength of radiation, is shown.
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The most essential feature of these spectra
characteristics is the presence of sharp splashes of
intensity on a nanotube's axis at the integer values of h
that is at characteristic wavelengths. Maxima in these
points have been theoretically predicted for a non-chiral
lattice, but they also take place in spiral and radial cases
and absent — in the chiral one. Comparison of curves
shows, that relative intensity of splashes increases in a
line: the chiral, spiral, non-chiral and radia lattice, and
that intensity of splashes in the first case is equd to zero,
and in the last one — is especially great. It is interesting,
that the general monotonous rise of background intensity
with increasing 4 is the same for all lattices.

This distinction in scattering by chiral and non-
chiral lattices is of fundamental type and has analogy in
various character of Fraunhofer diffraction regarding these
structures [4, 5]. It is a question of so-called “pseudo-
orthogonality effect” [4], which means formation, side by
side with the full set of reflexes from a cylindrical lattice,
the narrow and intensive additional maxima in the
positions, corresponding to reflexes h00 of orthogonal
polytypes at the total absence of their other reflexes. The
pseudo-orthogonality effect is peculiar to non-chiral
cylindrical  structures, somewhat — to spiral and is
completely absent for chiral cylindrical structures.
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Fig. 1. Spectra dependences of intensity, diffracted by different latticesin thepointp =0, 9 =0,z=0
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Fig. 2. Spectra dependences of intensity, diffracted by non-chiral and radial latticesin thepointp =0, 9 =0,z=0



The Distribution of Short-Wave Rad

When J—w (h—0) the scattered waves in
amplitude (1) lose the phase difference and the
corresponding intensity turns into the sum of inverse
values of squares of distances up to all sitesof alattice. In
Fig. 1 this corresponds to continuous rise of intensity at
h—0. This computing effect is connected with inadequacy
of the diffraction mathematical theory outside a range of
the possible diffraction phenomena.

3. The Longitudinal and Cross-
Section Distributions of Diffraction
Intensity

In Fig. 3 the profiles of diffraction by a non-chira
lattice along z and at various values of a number of awave
mode h are presented. It is clear vishble, that when h
increases an appreciable reduction of intensity takes place
and that the longitudinal intensity distribution has a
harmonious character. In Fig. 4 the profiles of diffraction
by orthogonal (Or) and monoclinic (M) polytypes of a
non-chiral lattice along z within the unit cell at h=1 are
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presented. The profile from a chiral lattice differs from
non-chiral and spiral cases. In fact it is a constant that, in
combination with a kind of spectral functions in Fig. 1,
allows speaking about rather various character of
longitudinal propagation of waves through chiral and non-
chiral nanotubes.

InFig. 5 theradial profiles of diffraction by various
latticesat h = 1 are presented. It is obvious, that diffracted
intensity concentrates both in an internal cavity of a
nanotube, and in its structure, practically not spreading for
its limits in a radial direction. The basc maxima of
intensity from non-chiral and spiral lattices are located on
the nanotube’s axis (axial maximum) while in a case of
chiral lattice the unique maximum is by the average radius
of the lattice (additional maximum). Summarizing results,
presented in Figs. 3 and 4, it is possible to make
conclusion, that intensity, scattered by the non-chiral or
spiral lattice, concentrates in the form of standing wave
both on the axis of the nanotube, and by its average
radius. In achiral caseamost al intensity is concentrated
within the lattice, where the standing wave also takes
place.
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Fig. 3. Profiles of intensity from anon-chiral latticeat z=0+a,p=0,9p=0
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Fig. 4. Profiles of intensity from different latticesath=1andz=0+a,p=0,9 =0
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Fig. 5. Radial distribution of intensity, diffracted in the hole of various nanotubes
ath=1,z=0, ¢ = 0 (nanotube' s layers are drawn by grey lines)
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Fig. 6. Digtributions of diffraction intensity in the cross-sections of chiral lattice at h = 2 and various values of z
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Fig. 7. Digtribution of diffraction intensity in cross-section
of the chiral latticeath=6,z=0



The Distribution of Short-Wave Radiation in an Internal Hole of Nanotube

150+

100—

S0+

-100+

-150—+

261

.—13003
L1700
16000

F15000

14000

L1300

12000

F11000

zﬂv F1a000

l-aooo
| aoon

l-7000

l-s000

| 5000

l-4000

* 3000

|- 2000

l1o00

Fig. 8. Digtribution of diffraction intensity in cross-section of the spiral latticeath=1,z=0

In Fig. 6 the distributions of diffraction intensity in
a cross-section of the chiral lattice, calculated at h = 2 and
values of z, changing within the limits O—a with the step
a/8, are presented. It is obvious, that the geometrical place
of intensity maxima is the h-fold helical line with the step
a. A caseh=6inFig. 7 confirms this.

The distribution of intensity in the cross-section of
agspiral lattice is presented in Fig. 8 for h = 1. The shape
of distribution means that the case of a spiral lattice differs
from a non-chiral one only in the quantitative aspect.

4. Conclusions

The analysis of intensity distribution of short-wave
radiation’s Fresnel diffraction in a hole of various type
nanotube's lattices, performed by direct numerical
calculation, has shown, that at longitudinal propagation of
radiation and under diffraction condition (3) the radiation
concentrates with forming the standing wave: in a case of
radial lattice — on the axis of nanotube, in non-chiral and
spiral cases — on the axis of nanotube and by its average
radius. In a case of chiral nanotube radiation concentrates
by the h-fold helical line with the radius, equal to average
radius of lattice, and the step, equal to longitudinal
parameter a, where h is the number of characteristic wave
mode. The degree of concentration of diffraction intensity
on the tub€'s axis is maximal for radial lattice and
minimal for a chiral one, for non-chiral and spiral lattices
it has an intermediate character. In a case of radial lattice
practically all scattered radiation concentrates in an
internal hole of nanctube.

This phenomenon can have various areas of
practical application. Concentration of X-ray radiation in

the certain area of nanotube can be used for determination
of chemical composition of that area by a secondary X-ray
spectrum. It is possible to redlize the so-called “star
detectors’ in X-ray range on the basis of non-chiral, spiral
and radial lattices. The estimation of the angular
selectivity of such a system gives value ~10° radian, thus
the detector can be rather compact and have greater
relative aperture in case of using the natural paralé
blocks of chrysotile nanotubes.

It is possible to approve, that in the case of
longitudinal propagation of charged particles, for example
electrons, through nanotube’'s hole the discussed
phenomena will take place side by side with the effects,
connected with the behavior of electron in a cylindrical
potential well. In this case the electron, having the
wavelength (3) and scattered in an internal hole of non-
chiral, spiral or radia nanotube, should form a
longitudinal standing wave in vacuum of the hole. This
effect can explain the known phenomenon of gquantum
conductivity, observed for carbon nanotubes.

The discussed phenomenon has the obvious
analogy with the area of waveguide effects. Not
concerning the terminological part of a question, authors,
on the basis of obtained results, assume, that in nanotubes
(excepting the chiral ones) it is possible to redlize the
longitudinal propagation of radiation with characteristic
wavelength (3) regardiess to the physical nature of
particles (X-ray quantum, fundamental particles with
nonzero rest mass, atoms).
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PO3OALT KOPOTKOXBHJIBOBOT'O
BUITPOMIHEHHS Y BHYTPIIIHIN
IMOPOKHUHI HAHOTPYBOK

Anomauin. Pospaxosani cnekmpauvhi 3anexcHocmi i
PO3NOOINL IHMEHCUBHOCMI OUPPAKYIT KOPOMKOXEUTILOBO2O BURPOMI-

Oleg Figovsky et al.

HI08aHHSL (DEHM2CHIBCHKI KEAHMUL, YACTUHKU BIONOBIOHOI eHepeil)
Ha axipanbHiil, XipaibHitl, CREPALLHIL MA PadialbHil pewimkax y
NOPOICHUMHI cymmege
30L1bULEHHS] THMEHCUBHOCTE, OUPPACOBAHOI DesIKUMU BUOAMU HAHO-

GHYymMpPIWHIT nanompyoku.  Ilokazane
mpyooK, npu XapakmepucmuyHux OO0BXHCUHAX X6uib. BusHaueno
GIOMIHHOCMI | AHOM@ILHUIL XAPAKMEP NPOXOONCEHHSI BUNPOMI-
HIOBAHHSL GHYMPIUHBOIO HOPOHCHUHOIO HAHOMPYOKUL.

Knrouosi cnosa. nanompybdra, KOpOMKOXEUIbOGE GUNPO-
MiIHEHHsL, BHYMPIUWHI NOPOANCHUHA, CHEKIMPAILHA 3AN1E€HCHICb.





