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ABSTRACT
Channeling is sensitive to nearly all structural changes in solids. One
briefly recalls how particles are dechanneled by lattice defects and describes the main applications of channeling to materials science : detection
of radiation damage, location of impurity atoms, precipitation in alloys...

Channeling being a phenomenon characteristic of perfect crystals, any type
of lattice imperfection (phonons, crystal defects, precipitation etc.) is
expected to produce dechanneling. Consequently channeling and its opposite,
dechanneling, have both been used to study structure and structural changes
of materials.
1. GENERALITIES
Positive particles, like protons, o, ions .... travelling between atomic
planes {hkl} or rows <hkl> in a crystal are maintained on stable trajectories thanks to the repulsive potential of the crystal ions (fig. 1). Most
of what we know about this phenomenon is described in the classical theory
of Lindhard (1965). To summarize in one sentence, we just say here that a
channeled particle (later on : c.p.) is maintained in potential valleys
(planar channeling) or tubes (axial channeling) provided that its oscillatory (nearly) straight trajectory lies within a small angle (y ) from the
plane (or axis). This c.p. gets dechanneled when its comes too close (within = a p, Thomas Fermi radius) to atomic planes or rows.
T

o o o o o o o o o o
0

_£_°-5^_ _iLiL-£-e-JL___-. T
o o o o o o
b"o o o o o o
«> ° o o o o o
o o o o oo o

F

*9* '• * channeled incident beam 1 is
altered by the presence of "defect" x
(phonon, lattice defect, precipitate..)
p t of it (T) is transmitted, part of
it (S) is dechanneled and scattered.
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Host of the experiments on channeling have been performed with accelerators,
which deliver a beam of (nearly) pa_rajlel_pôrticj_es on a tarcei sample,the
crystal logrephic p l a ^ s (or rows)" of wïiich càrTbe aligned along the beam
with help of a goniom<_cer. According to the thickness d_ of thc-~samples, the
beam may go through (transmission experiments, Nelson and Thorpson, 1963)
or be scattered at large angles (back scattering experiments, Picraux et
al., 1969). The proportion of transmitted (or back scattered) particles
depends drastically on the quality of the channeling conditions.
One may also use randomly distributed particles from a radioactive source
and choose cJ such that only the channeled particles are transmitted : here
the crystal it self plays the role of the goniometer (channeloaraphic method, Quéré, 1970).
*
2. STUDY OF LATTICE DEFECTS
To be able to interpret correctly a dechanneling experiment, it is generally necessary - or at least useful - to know the behaviour of a channeled
beam facing a specific type of defect. We shall first describe briefly the
influence of some of the most frequent defects.
2.1. Free surfaces. A free surface in a crystal tends to dechannel c.p.'s
because of the presence of Rutherford scattering centers (nuclei) at the
surface.
Microscopic cavities (radius R) in solids provide a good example of this
kind of dechanneling. A c.p. arriving on a cavity leaves for a while the
crystal and re-enters after a straight trajectory of length s. (0< a. < 2 R ) .
This reentrance, although attempted at an angle smaller, by construction,
than v , is successful only if it takes place far enough of a nucleus. This
case can be analy2ed simply (Ronikier, 1975) and gives rise to an energy(E) indépendant dechanneling probability or cross section (see also § 3.7).
2.2 Grain- or twin- boundaries. In this case, the dechanneling i^practically total : the dechanneling cross section is equal to the créa ji of the
boundary. This dechanneling has been observed in many cases (Quéré, Resneau
and Mory, 1966). Examples may be found on fig. 2 and also further on fig.10.

Fig. 2. Grain - and twin - boundaries
seen in platinum by transmission channelograph. The particles are fission
fragments (* 60-100 MeV) of uranium.
Dechanneling by boundaries (white
contrast) is clearly visible (Mory and
Delsarte, 1968).

2.3. Stacking faults. This defect consists of a shift of one part of the
crystal with respect"to the other.It is simple enough to allow precise
theoretical description. The dechanneling cross sections are found to be
E-independant and to have values of the order of 0 . 2 ^ (case of Û ; rticles
in gold, Mory, 1976) in very close agreement with experimental determination (Mory and Quéré, 1972). Observations of this type of dechanneling has
been frequently reported (Schober and Bal luffi, 1968 . . . ) .
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2.4_Antiphase_ boujKJajries. In an ordered alloy, planes (or rows) of type
"a, B, ft... rr.ây "Ue shfftë3 to B, a, B... at an "antiphase boundary". The
chemical composition of o and B being generally different, the (unsymmetrical) potential valleys Q - B , shifted to B-a, give rise to dechcnneling on
the boundary (see fig. 3 ) . This dechanneling has been observed in the case
of ordered CuJtu alloys (Chevallier, 1974),cross sections being about
0.3 <A. for a particles.

Fig. 3. Potential valleys of planar
channeling in an ordered alloy with
neighnouring planes of different che
mical composition (1). Beyond an anti
phase boundary, the valleys are shif
ted to (2), giving rise to dechanne
ling.
2.5 Dislocations. In the previous cases, dechanneling was due to an abrupt
change (shift and/or rotation) of the channeling valleys fore ing some of
the c.p.'s to "hit" the cores (of radius = a ) of the atoms of the crystal,
The case of dislocations is slightly different : the alterati on of the
crystal by a dislocation is not abn-pt but continuous, the cu rvatures due
to the defect covering long distances. Anyhow, as a first gue ss, one may
treat a dislocation as a tube inside (resp. outside) of which dechanneling
is complete (resp. negligible), dechanneling being due to the centrifugal
forces exerted on the c.p. by the curvature of the crystal.
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Such analytical treatments (Quéré. 1968) applied to straight dislocations
give dechanneling widths with a V'* energy dépendance and of the order of
100 A for a particles, with essentially no specific loss of energy for the
non-dechanneled particles (Pathak, 1975) (see fig. 4 ) . Computer simulations •
generally confirm this E V 2 dépendance but with numerical values, for the
width, typically half of the previous ones (Kudo, 1980). If the dislocation
is not straight but curved (like in the frequent case of dislocation loops)
a strong decrease of the dechanneling cross section is expected (Quéré,1978)
and observed (Merkle et al., 1973, Chalant and Mory, 1979).
0

Dechanneling by dislocations has been observed (see fig. 4) and measured by
many authors either by transmission (Leteurtre et al. 1971) or by back sca
ttering (Picraux et al. 1978 ; Mannami et al. 1980). Especially the energy
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•Fig. 4. Transmission spectra of
3.6 MeV protons through (110)
planes of a 6 iim thick crystal of
tantalum before (
) and after
(...) cold working. On the right,
the channeled peak is altered in
intensity, not in energy (Bhattacharya et al. 1980).
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dépendance has been measured carefully, having frequently the E
dépendance predicted by Quéré (1968) (see fig. 5 ) . Anyhow, this de^ndance goes
down more or less to = E ^ M when dislocations are strongly dissociated, in
which case part of the dechanneling is of dislocation type ( E V 2 ) and part
of stacking fault type (E° : see S 2.3.). It was even suggested by Kimura
et al. (1980) that the exponent of E could give an indication on the separation of partial dislocations i.e. on the stacking fault energy.

Fig. 5. Dependence of
the dechanneling and the
dechanneling cross section of dislocations on
the energy of the channeled particles in (110)
planes of silicon
(Mannami et al. 1980).
OB
10
12
ENERGY OF PROTON ( MeV )

2.6. Point defects. Vacancies are not expected to give rise to any observable dechanneling, whereas interstitials are in right position to dechannel
quite efficiently. The dechanneling due to an atom lying in the center of
a channel might vary with energy like E-1/2 (Quéré, 1974). Typical dechanneling cross sectigns of a hydrogen interstitial impurity for o particles
in Pd are = 6x10-3 A 2 in good agreement with calculated values (Quillico,
Jousset, 1975 ; see also fig. 6 ) .

Fig. 6. Dechanneling regions
(in black) around a punctual
scattering center situated
in the middle between two
planes (A and B) for a typical value of the ratio v/v
(v : maximum oscillation
angle ; v : critical angle).
(Mory, 1976).
c

3. CHANNELING ; A TOOL TO STUDY MATERIALS
3.1. Determination of crystal orientation. The back scattering of dechanneTeïTcTp.'s is accompanied by an effect of shadow called "blocking" which
has been used to build a crystal orientation blocking chamber using protons
(Tulinov, 1966).

ï''icros!ructural information from channelingrcc-asurc-'-nts
A still more direct nr+V-ï consists of using ponctuai radioactive sources.
The particles entering a crystal will be preferentially transmitted by
channeling between the atomic planes of low indices. After transmission,
these c.p.'s create, on a plate, a channeling pattern which gives the traces
of the real planes of the structure : for example the image of gallium shown
on fig. 7 is the image of the direct - not the reciprocal - lattice (see
also Delsarte, 1970).

Fig. 7. Channeling pattern of a
particles transmitted through a
gallium single crystal, at
T = 4.2 K. Indices of planes
will be found in Takahashi and
Mory (1981).

3.2. Observation of radiation damage in crystals. Ion implantation has
become an increasingly important method to dope semiconductors or to modify
the surface properties of alloys. Anyhow the defects created by the slowing
down of implanted species may alter severely the properties of the host
crystal. Channeling offers a simple means to detect - generally in the implanter system itself - both the location of implanted ions (see S 3.3.) and
the presence of radiation damage as shown on fig. 8.

Fig. 8. A low magnification overall view of dechanneling by irradiation defects. A tantalum polycrystal has been irradiated by 3 MeV protons (region A ) .
Transmission channelographs of protons show a dramatic variation of dechanneling between region A and
the non irradiated region B. This dechanneling is
due to dislocation loops in A. Elongated grains are
visible both in A and in B.
Left : high dose of irradiation,
Right : low dose.
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Although quantitative studies in this field are subject to criticism and
should not be too ambitious (Quéré, 1976), such experiments by back scatte
ring allow semi-qualitatively a description of the damage profiles and also
the observation of the thermal annealing stages (Btfgh, 1969) ; Nashiyama,
Pronko and Merkle, 1976 ; Grob and Siffert, 1983 . . . ) . They also allow to
observe the production of damage as a function of irradiation dose. But one
should not forget that the "shadow" of defects on each other induce a rapid
saturation of dechanneling (i.e. a rapid opacity of irradiated samples to
c.p.'s) long before defect saturation is built up (Jousset and Lorenzelli,
1973, see fig. 9 ) .

Fig. 9. Variation of dechanneling
n of a particles versus irradia
tion fluence in iron samples irra
diated with fission fragments at
20 K (Jousset and Lorenzelli,
1973).
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3.3. Lattice location of atoms. If the cross x of fig. 1 is taken to be an
atom (or an ion), it is clear that channeling is affected by x along <10>
whereas it is not along <11>. More generally, a study of dechanneling con
ditions along various directions of a crystal A containing atoms B allows
in principle to "locate" the B atoms in the A lattice (B0gh, 1967).
This technique has been used extensively, particularly to locate dopants in
semiconductors (see for instance Feldman, 1973), hydrogen in metals (Picraux,
1975) etc. For example, in f.c.c. metals, hydrogen has been found to sit on
octahedral sites with, in some cases (Pd, Pt, Al), a possible transition
octahedral •* tetrahedral when temperature increases (Bugeat, 1979). In semi
conductors, a number of transitions substitutional •* interstitial have been
reported (Davies, 1970 ; Wiggers and Saris, 1977 . . . ) .
The case of compound semiconductors like Ga As, where impurity atoms like Si
are generally found substitutional, raises an interesting question : are
these atoms on the Ga or on the As sublattice ? Here, the asymetry of poten
tial valleys like <110> observed by Bontemps, Fontenille and Guivarc'h (1976)
makes it possible to answer this question. For example, S or Sb occupy the
As sublattice ; In occupies the Ga sublattice ; whereas Si lies in equal
concentrations on both sublattices (Bhattacharya and Pronko, 1983 ; Andersen,
Chechenin, Timoshnikov and Zhang, 1184).

3.4. Configuration of trapped interstitials. The self-interstitial, produced
by irradiation, has a split <100> configuration in f.c.c. metals. If solute
impurities are present in, say, copper, interstitials may become trapped on
these impurities either without displacing them from their sites (case i/)
or by forming a mixed Cu-impurity split entity (case ii/).
This alternative has been studied in Al containing Mn, Zn, Ag or Sn (Swanson
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and Maury, 1975) and in Cu containing Ag, Sb or Au (Swanson et al., 1976).
In both cases backscattering of c.p.'s on the heavy impurity is studied
versus the temperature of annealing of the irradiated alloy. Some configu
rations (like Al-Mn, Al-Zn or Al-Ag) exhibit the mixed dumbbell configura
tion (case ii/) whereas some interstitials (like Cu-Cu in Cu-Ag or Cu-Au)
keep their identity while being trapped (case i/).
3.5 Surface relaxation effects. Atoms on the surface of a solid displaced
from their normal lattice site, provide a "shadow" in the channels of lowindex directions. A backscattering experiment for particles arriving along
these directions exhibits a yield peak from which these displacements can
be determined. For example, Davies et al. (1976) have observed outward
relaxations of = 0.3 A of platinum atoms on a platinum surface covered by
a monolayer of oxygen.
3.6 Recrystallization and self diffusion. During the process of recrystallization, the orientation of grains changes and the concentration of disloca
tions decreases, two reasons which alter drastically the channeling condi
tions (fig. 10). This remark has been used to study by transmission of a
particles, the kinetics of recrystallization of platinum (Quéré and Couve,
1968) and to determine the Avrami exponent and the recrystallization ener
gy (2.85 ± 0.15 eV) close to the self diffusion energy (2.89 e V ) .
Fig. 10. Channelograph of a polycrystal of nickel cold worked
along xx' and then annealed at
1000°C. Both dechanneling (of
protons) by dislocations,and be
ginning of recrystallization, are
clearly visible (Quéré and Uggerh0j, 1976).
lOOu
By measuring the isothermal evaporation kinetics of dislocation loops in
quenched and annealed aluminium, Chalant and Mory (1979) could measure the
self diffusion energy in this metal (1.32 ± 0.10 eV).
3.7 Coalescence of gas bubbles. Gas bubbles are formed in solids implanted
with rare gases like He. At equilibrium, and for isotropic solids, the
bubbles are spherical (radius : R) and the gas pressure is p = 2-y/R (? :
surface tension). If we write equation pV = n kT ( V : volume of the bubble
* R3 ; n = number of gas atoms in the bubble), it is clear that the surface
(not the volume) of the bubble is proportionnai to n. If now, for a fixed
total number of implanted gas atoms, we allow the bubbles to coalesce, the
total free surface in the solid is thus expected to remain a constant.
Channeling makes it possible to measure, in a very global way, the internal
free surface (see S 2.I.). Fig. 11 shows the variation of transmission deT

Fig. 11. Transmission t (T =
1 - o ; n : dechanneling) of a
channeled particles in helium
implanted aluminium versus annea
ling temperature for two diffe
rent implantation doses (Ronikier
et al. 1975).
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channeling (a particles) in a Al sample containing two different quantities
of helium condensed into bubbles, as a function of temperature (Ronikier et
al., 1975). When T increases, the bubbles tend to co'alesce, their number
being decreased by a factor of = 10 between 20 and 600°C. In spite of this
considerable alteration of bubble density, the dechanneling remains appro
ximately constant, a result in favour of the above mentioned law of cons
tant surfaces.
Let us mention that in this experiment, the probability of dechanneling at
a free surface (for planar channeling) is equal to (0.27 t 0.09) as compared
to calculated value of 0.24.
3.8. Precipitation phenomena. Precipitation of a second phase B from a solid
solution A-B gives most generally rise to dechanneling, due to boundary
creation and/or lattice distortion. The measurement of this dechanneling may
help to determine the solubility limits of B and the formation kinetics of B.
For example Whitton et al. (1976) have studied the precipitation of hydride
in Nb-H (and Nb-D) by backscattering of He ions. The backscattering yield
increases abruptly as soon as precipitation occurs when the temperature is
lowered (see fig. 12). The sensitivity of c.p.'s to the lattice distortions
in the vicinity of coherent p-phase precipitates gives better determination
of the solubility-temperature curves than other methods. The heat of solu
tion of H in Nb was found equal to 0.12 eV/atom, without observable diffe
rence between H and D.
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fig. 12. Effect of cooling on the backscattered yield of
1 MeV channeled He ions in niobium containing 0.33 at %
of hydrogen (Whitton et al., 1976).

Another example is the study of Guinier-Preston (G.P.) zones in Al-Cu alloys
(Désarmot and Quéré, 1980). The formation of these zones during room tempera
ture ageing of quenched alloys (quenching température : 9 ; gives rise to
a strong dechanneling. Fig. 13 shows this dechanneling (measured in trans
mission by the channelographic method) for various values of 8,. Simple
arguments about the dechanneling processes at G.P. zones and analysis of the
kinetics give arguments in favour of a spinodal decomposition of the solid
solution.
T
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Fig. 13. Logarithm of transmission of channeled a particles versus (ageing time
at room temperature)>/2 for
an Al-4% Cu alloy quenched
from various temperatures
(Désarmot and Quéré, 1980).

3.9. Characterization of polycrystalline layers. Evaporated Pd on <111> Si
substrates transforms into a polycrystalline layer of PdpSi upon heat treatment. Channeling measurements on such Pd Si layers allowed Sigurd et al.
(1973) to observe and to measure the spread in orientation of the crystallites. This spresiwas found to decrease strongly when the heat treatment
temperature was increased.
2
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