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Abstract. To investigate orientation effects, an approach based on the measurements of γ-ray yields fol-
lowing the excitation of “narrow” isolated resonances in the reactions occurring on the nuclei of interstitial
impurity atoms, that occupy certain positions in a crystal, has been proposed. The carbon atoms were
shown to be located in octahedral interstitial sites of the Re-0.4 at. % 13C monocrystalline solution.
The proton flux distribution in the (0001) channel was investigated via the 1.7476 MeV resonance of the
13C(p,γ)14N reaction. Some particular qualities of the reaction yield were found to be dependent upon the
proton energy. The method of measurement of the electronic stopping power of channeled particles has
been deduced. The γ-ray yield of the resonance reactions induced by the channeled protons was shown to
be dependent on the amplitude of the thermal vibrations of carbon atoms.

PACS. 24.30.-v Resonance reactions – 61.85.+p Channeling phenomena (blocking, energy loss, etc.) –
68.55.Jk Structure and morphology; thickness; crystalline orientation and texture – 02.70.Uu Applications
of Monte Carlo methods

1 Introduction

The overwhelming majority of data concerning orienta-
tion effects in crystals at a channeling of (0.5, . . . , 10) MeV
charged particles were stored in the analysis of the yields
of elastically scattered helium ions and protons which de-
pend on energy and angle of the particle entrance into the
channel, atomic charge of the crystal and the channeled
particle, lattice type, crystallographic direction, etc. [1].
The trajectories of the particles which come to the crystal
along low-index planes were investigated by several groups
(see references in [2,3]). The scattered particle spectra
show some special features (fine structure) at the high-
energy edge. This is associated with the trajectory of ions,
whose oscillation amplitude in the channel is close to half
the distance between the planes. The probability of colli-
sion of these ions with nuclei considerably increases with
their approach to the planes. The reliability of the results
of measurements in this region is primarily determined by
the energy resolution of the method. The resolution of the
backscattering method is dependent on the intrinsical res-
olution of the spectrometer, the energy straggling during
particle motion along the crystal, and the energy distri-
bution of the probing incident beam. These causes limit
energy scattering ion resolution and inevitably result in
spectra smoothing and, following their structure smear,
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bring to difficulties and ambiguities in the interpretation
of the results of measurements [2].

To investigate the fine structure, we offer an approach
based on the use of radiation yields of isolated resonances
excited with channeled particles on nuclei of interstitial (or
substitutional) impurity atoms, which occupy certain po-
sitions in a crystal [4,5]. The proposed approach excludes
the influence of the spectrometer resolution on the mea-
sured data. It allows to view the situation from a new per-
spective to research the peculiarity of channeled-particle
flux formation. A new method of measurement of both
electronic energy losses of channeled particles and ampli-
tudes of thermal vibrations of interstitial impurity atoms
in a crystal has been proposed on this approach basis.

A computer code simulating channeled-particle trajec-
tories along the crystal and calculating nuclear-reaction
yields was developed for the numerical analysis of this ap-
proach possibilities.

2 Excitation curve features of
channeling-particle–induced resonance
nuclear reactions

The characteristic property of many nuclear reactions is
the presence of isolated resonances of radiation yield as a
function of the incident energy.
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Fig. 1. Model approximation of the yield of the nuclear reso-
nant reaction versus the channeled-ion energy: a) distribution
of particle trajectories in the planar channel ϕin = 0◦ (black
circles show impurity atoms); b) yield of the resonant reaction
on the nuclei of impurity atoms located in the center of the
channel.

To determine the distribution profile of an element
concentration for some depth of a sample particularly by
means of the (p,γ)-reaction, the γ-ray yield has to be mea-
sured with a small increment of the incident proton en-
ergy [6–8].

The situation is radically changed if the resonance is
excited with channeled particles. Here, the yield depends
not only on the atom concentration as in the case of a
polycrystalline target, but also on the crystallographic di-
rection, the arrangement of reacting atoms in the crystal,
the angle at which the particles enter into the channel, the
electronic density distribution in the channel, etc.

Figure 1(a) shows the calculated proton trajectories
for a beam coming to the channel along the atomic planes.
Under the action of repulsion forces on the part of atoms
lying in the planes, the particles start to oscillate; the pro-
ton flux becomes redistributed, the trajectories come close
together or apart. Let us assume that the impurity atoms
on which the reaction occurs are uniformly distributed in
the crystal and are placed in the center of the channel.
Obviously, the probability of channeled particles colliding
with the impurity atoms at the depth “x”, where the reso-
nance is realized, depends on the particle flux distribution
in the transverse plane of the channel. The reaction yield
will have the highest value when the particles coming into
the channel and having the energy Ep > Eres experience
slowing-down and reach Eres at the depth where the flux
density in the center of the channel is maximum (fig. 1(b)).

In this case it is enough to register the number of in-
teractions resulting in radiation emission as opposed to
the scattering method that needs reaction product energy
measurement. The influence of the spectrometer on the
resolution is excluded. The straggling makes the resolu-
tion worse only in the “in” part of the ion trajectory. So
the resolution of this method is better in comparison with
the scattering one.

So if the atoms on which the resonance reaction occurs
are distributed uniformly and occupy known sites in the
crystal lattice, the measurement of the excitation curve
contributes to ascertain the distribution of the channeled-
particle flux, to investigate its dependence on the lattice
type, crystallographic direction, stopping power and on
the angle of the particle entrance into the channel etc.

The possibilities of the resonant reaction method pro-
vide a new approach for the investigation of orientation
effects; make it possible i) to reveal a fine structure in
the channeled-particle flux near the crystal surface, ii) to
estimate the amplitude of thermal vibrations of impurity
atoms in the lattice, iii) to determine electronic energy
losses of channeled particles, etc.

Up to now resonance reactions have not been used to
study channeling-particle flux features.

In the present experiments we have used the
Re-0.4 at. % 13C monocrystalline solution as object of
study. As mentioned above, when using the resonance
method, it is necessary to know the sites of impurity atoms
in the crystal lattice. Therefore, before demonstrating the
possibilities of resonant nuclear reactions for investigating
the orientation effects, it was decided to carry out mea-
surements and to obtain reliable experimental data on the
localization of carbon atoms in the rhenium lattice.

3 Localization of carbon atoms in the
Re-0.4 at. % 13C monocrystalline solution

Some metals and alloys dissolve carbon in relatively large
quantities. This element forms interstitial solid solutions.
At concentrations not exceeding the solubility limit, the
interstitial atoms occupy certain energy-favorable sites
in the lattice. Among them, octahedral and tetrahedral
voids are the most well-defined sites in hexagonal close-
packed metals which may be occupied by interstitial
atoms. Nuclear-physics methods in combination with the
use of channeled particles and orientation effects can pro-
vide direct data on the sites of interstitial atoms in the
crystal [9].

Single-crystal rhenium samples were used in the ex-
periments. Disks of 1.5 mm thickness were cut out by
the electrospark method perpendicularly to the 〈0001〉,

(0001), (1120) and (1212) crystal directions. In order to
remove the faulted and damaged layers, the sample sur-
faces were subjected to grinding and polishing. A subse-
quent electrochemical etching of the samples removed the
remains of the faulted layer.

Solid thermodiffusion in vacuum followed by quench-
ing in helium atmosphere was used to saturate and
homogenize the samples with carbon enriched in the 13C
isotope to concentrations of 0.4 at. %. Before saturation,
the samples were annealed and degassed. After saturation,
the samples were subjected to additional electropolishing.
As a result of the operations, the samples had a mirror
surface.

The samples were fixed on a goniometer head in the
nuclear-reaction chamber. The goniometer provided for
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Fig. 2. The 13C(p,γ)14N reaction yield (white circles) and scattered protons (black circles) versus the angle relative to the

chosen direction of close packing of the crystal: (0001), (1120), (1212), 〈0001〉.

crystal rotation about three mutually perpendicular axes,
and also, for angular scanning at steps of 0.05◦ and 0.03◦.
The angular beam divergence was not more than 0.03◦.
The strong isolated resonance of the 13C(p,γ)14N reaction
(Eres = 1.7476 MeV, Γres = 135 eV) [10] was used.

The spot of the incident proton beam has a size of
0.8 mm in diameter. The beam current equals 4 nA. The
capture of the 1.7476 MeV proton with the 13C nucleus
results in the production of the 14N∗ nucleus with an ex-
citation energy of 9.1724 MeV [10]. The level is isolated,
therefore the excitation curve of the reaction on the poly-
crystalline target should inevitably have a plateau. The
γ-rays were counted by means of a 3′′×6′′ NaJ(Tl) detec-
tor. The detector was placed at a distance of 6 cm from the
crystal at an angle of 90◦. The optimum effect/background
ratio is shown to be realized at a γ-ray detection in the
energy range between 8.1 and 9.2 MeV. The background
was equal to 32% in these conditions.

The protons were registered by means of a silicon
surface barrier detector, mounted at a distance of 11 cm
from the crystal at an angle of 158◦. The target crystal
was displaced after identification of the plane (0001)
and the finishing measurements were performed at the
non-irradiated area. To improve vacuum a screen, cooled
down to liquid-nitrogen temperature, was installed close
to the crystal. All the measurements were carried out at
room temperature.

The yields of protons scattered by rhenium nuclei and
the 13C(p,γ)14N reaction γ-ray were measured simulta-
neously at angle scanning near to the close-packed row

〈0001〉 and planes (0001), (1120), (1212) of the Re atoms.
The yields of scattered protons and reaction γ-rays were
normalized to the results of measurements at a complete
disorientation of the crystal relative to the proton beam.

The statistical equilibrium of the flux appears at
depths exceeding 1000 Å from the surface [11]. For this
reason the angular scanning in the vicinity of crystal axis
and planes as well as the measurements of the γ-ray yield
and the yield of protons scattered by rhenium nuclei were
carried out at an energy of 1.758 MeV, i.e., above the
energy values at which a fine structure of the scattered
proton yield is observed.

Figure 2 shows the measured angular dependences of
the γ-ray and scattered proton yields. If the beam pulse
direction is coincident with the 〈0001〉 crystallographic di-
rection, the proton yield gives only ≈ 3.0% with respect
to the normalized yield. This witnesses the high quality of
the crystals used and a fair preparation of the specimens.

As the beam pulse direction becomes coincident with
any of the directions shown in fig. 2, the yields of both
γ-rays and scattered protons substantially change. This is
explained firstly by the specific location of the 13C atoms
in rhenium, secondly, by the strong angular dependence
of the distribution of protons channeled within the cho-
sen direction. The inserts given in the figures show the
projections of the rows (circles) and planes (lines) of the
rhenium atoms, and also the projections of the octahe-
dral (crosses) and tetrahedral (black squares) interstitials
onto the plane normal to the corresponding axial or planar
direction. The appearance of a strong narrow peak in the
γ-ray yield, which is discovered when the beam direction is
coincident with either the (0001) plane or the 〈0001〉 axis
(see fig. 2 a, d), testifies that the impurity (13C atoms)
is located in the interstitial void, if carbon concentrations
are lower than its solubility limit in rhenium. Indeed, if the
carbon atoms occupy tetrahedral voids, the angular scan-
ning in the vicinity of the mentioned axis and plane would
show a decrease of the γ-ray yield at decreasing angle [1].

For the (1120) plane the angular dependence of the γ-ray
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yield is close to the angular dependence of the scattered
proton yield. This directly testifies that the majority of
the carbon atoms in the Re-0.4 at. % 13C monocrystalline
solution lies in the planes of octahedral interstitials.

4 Simulation of proton trajectories in the
(0001) channel of the Re-0.4 at. % 13C
single crystal

The computer simulation code [12] and the experimental
data on the location of carbon atoms in rhenium crystal
were used to calculate the evolution of proton trajectories
in the (0001) channel.

The energy losses for one step of the proton trajectory
calculation in the transverse plane of the channel were
simulated using the function

∆E(0001)(y)=
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where y is the particle entrance coordinate in the trans-
verse plane of the channel, ∆Erand is the energy loss in
the amorphous media, D is the interplanar spacing, h
is the energy loss decrease in the centre of the planar
channel. The function ∆E(0001)(y) is drawn as the solid
thick line in fig. 3, where the two neighbouring planes of
the channel are coincident with the left and right vertical
axes of the plot.

Input data for calculations are the characteristics of
the beam and the nuclear resonance of the 13C(p,γ)14N
reaction at an energy of 1.7476 MeV, and also the param-
eters of the (0001) channel of the rhenium crystal and the
13C atom data.

The angle between the beam pulse direction and the
(0001) plane remained unchanged and was taken to be

0,0 0,5 1,0 1,5 2,0
0

2

4

6

8

10

12

E
n

e
rg

y
 l
o

s
s
 (
eV
/Å

)

Particle coordinate in the channel (Å)

(dE/dx)
rand

0
.6

4
 ×

 (
d
E

/d
x
) ra

n
d

(dE/dx)
(0001)

h

planes

Fig. 3. Sketch of channeled-proton energy losses.

0 200 400 600 800 1000 1200
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

In
te

rp
la

n
a
r 

s
p
a
c
in

g
 (
Å

)

Depth (Å)

Fig. 4. Trajectory oscillations of 1.7476 MeV protons in the
(0001) channel of the Re-0.4 at. % 13C crystal. ϕin = 0

◦. The
13C atoms in the center of the interstitial plane channel are
shown as black points.

ϕin = 0◦. The angular beam divergence was ∆ϕin =
0.03◦. The energy distribution of the probing incident
beam did not exceed 200 eV.

To calculate the forces acting on the proton in the
channel, we used a thermally modified approximation of
the averaged potential in the Molliere terms [13]. The po-
tential of four planes nearest to the channeled particle was
taken into account.

We have demonstrated above that the carbon atoms
in rhenium occupy octahedral sites. In the hcp crystals
(rhenium being among them) there are as many octain-
terstitials as atoms in the matrix. In the (0001) direction,
the planes of rhenium atoms alternate with the planes of
octainterstitials. The planes of interstitials where carbon
atoms are found are arranged in the center between the
atom planes.

Figure 4 shows the trajectories of a proton flux in
the (0001) channel. The trajectory wavelength decreases
with increasing amplitude. The slope of the trajectories is
dependent on the distance between the proton entrance
point into the channel and the nearest plane. Nothing can
prevent the channeled protons from colliding with carbon
atoms arranged in the octainterstitials (black circles in the
center of the channel). Moreover, the probability of pro-
ton collisions with the atoms increases at the expense of
flux redistribution in the channel [9]. Figure 5 illustrates
some peculiarities of the dynamics of the proton flux dis-
tribution in the (0001) channel up to the first focus of
trajectories for a variety of depth values. As a result of
a series of soft correlated collisions with the atoms of the
planes, protons having a large trajectory amplitudes give
rise to peaks along the edges of the flux distribution. As
the depth grows, the peaks approach to the center of the
channel and form the maximum in the region of the first
focus of the trajectories. As can be seen from fig. 5 in the
middle of the channel, up to the maximum, the flux of
channeled protons is uniform in the transverse plane, and
is close to a constant value irrespective of the depth value.
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Fig. 5. Proton flux distributions in the transverse plane and
along the (0001) channel.

The weak potential dependence on the distance to the
planes in the central part of the channel where 13C atoms
are situated condition the small oscillation amplitudes of
the protons and so they practically remain within the 13C
atom zone. The proton motion in this zone is determined
by energy losses by valence electrons. Near the surface,
before forming the first focus, the trajectories form a pe-
culiar “cone”. The proton flux is constant in the center
of the cone. Therefore, one may expect the existence of a
“step” in the γ-ray yield as a function of the initial proton
energy in this region. As a result, there arises the possi-
bility to determine electronic energy losses of channeled
particles from the reaction yield value in the region of the
“step”.

5 Energy losses of channeled protons

Figure 6 shows the measured (black squares) and cal-
culated (solid and dashed lines) excitation curves of
the 13C(p,γ)14N reaction at proton channeling along the
(0001) plane. The same figure shows the excitation curve
for unchanneled protons (the white squares are experi-
mental data, the dotted line stands for calculation).

As expected, a sharp increase in the γ-ray yield is ob-
served at the resonance energy, irrespective of the beam
orientation relative to the crystal. The increase in the reac-
tion yield for unchanneled protons attains saturation and
further remains unchanged irrespective of energy. This
means that within the energy range shown, one resonance
is excited, and the 13C atoms are homogeneously dis-
tributed in the crystal. In the case of channeling (black
squares) the reaction yield reaches its maximum in the fo-
cus of the proton trajectories. The channeled-proton flux
in the center of the channel (fig. 5) is distributed uni-
formly down to a depth of ≈140 Å. Carbon is found in
the center of the channel and is distributed uniformly in
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Fig. 6. Excitation curves of the 13C(p,γ)14N reaction. The
black and white squares are experimental points: respectively,
yields from the protons channeled along the (0001) plane and
from the beam randomly oriented with respect to the crys-
tal. The solid and dashed lines stand for calculations: protons
are channeling along the (0001) plane, the r.m.s. amplitudes of
thermal vibrations of carbon atoms are 0.102 Å and 0.09 Å, re-
spectively. The background is subtracted. The incident proton
energy step equals 72 eV.

the crystal. The resonance is isolated. Therefore, the exci-
tation curve for channeled protons shows a small plateau
(labeled by ∆E in fig. 6). The extension of the plateau is
several times greater than the resonance width Γres. The
reaction yield in this region is substantially higher than
in the case of unchanneled protons. The channeled-proton
flux in the center of the channel, where valence electrons
are found (fig. 4), gives the main contribution to the re-
action excitation curve in the plateau part. In the center
of the (0001) channel the electron density is lower than
the average electron density in the crystal. Therefore, the
path of channeled protons is longer on the length ∆E and
more 13C nuclei participate in the reaction thus increas-
ing the yield in comparison with that from unchanneled
protons. In other words, smaller electronic energy losses of
the channeled protons, the trajectories of which are situ-
ated in the valence electron zone, call for the yield increase
observed in the plateau region. The dechanneled protons
contribute an insignificant part to the exitation curve. The
ratio of γ-ray yields corresponding to the white and black
squares on the∆E area of fig. 6 is dependent on the energy
losses of unchanneled and channeled protons. Estimations
give the ratio (dE/dx)(0001)/(dE/dx)rand as 0.64 ± 0.12.
This result is consistent with the experimental and theo-
retical data [13,14] of other authors.

The difference between the excitation curve growths
for the cases of channeled and unchanneled protons (figs. 6
and 7) is explained by different stopping-power values.

Figure 7 shows the calculated excitation curves of the
reaction for several thermal vibration amplitude values
of the 13C atoms. The yield in the focus of the trajecto-
ries is substantially dependent on the vibration amplitude
of carbon atoms. Owing to the Coulomb force action, a
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Fig. 7. Calculated excitation curve of the 13C(p,γ)14N reaction
versus the thermal vibration amplitudes of 13C atoms. Protons
are channeling along the (0001) plane.

considerable part of channeled protons is focused in the
crystal region where the 13C atoms are located. In this
case the probability of the reaction is governed by the
probability of presence of 13C atoms in the region of the
trajectory focus. As the vibration amplitude increases, the
13C atoms stay for most of the time beyond this region. As
a result the probability of proton collision with 13C nuclei
decreases and hence the reaction yield also decreases. For
the experimental data shown in fig. 6, the best agreement
with the calculations has been obtained at a r.m.s. thermal
vibration amplitude of carbon atoms equal to 0.102 Å.

The excitation curve of the reaction was also calculated
for protons which are channeling along the 〈0001〉 axis.
In this case, as in the planar channeling case (fig. 7), a
plateau was observed.

6 Summary and conclusions

The possibilities of isolated nuclear-reaction resonances to
study the distribution of the channeled-particle flux in
crystals have been demonstrated. The resonance nuclear
reaction 13C(p,γ)14N was used to establish and investi-
gate the peculiarities of the flux distribution in the (0001)
channel of the Re-0.4 at.% 13C single-crystal solution.

The location of the 13C atoms in this crystal was de-
termined. The reaction yields of γ-rays were measured at
angular scanning in the vicinity of the 〈0001〉 axis and of

the (0001), (1120) and (1212) planes. It was shown that
the carbon atoms occupy octahedral interstitial positions.

The program was developed for computer simulation
of channeled proton trajectories in the (0001) channel.
The excitation curve of the reaction was measured and
calculated for the protons channeled along the (0001)
plane. The excitation curve exhibits a segment shaped as
a plateau. It was shown that γ-ray emission of this seg-
ment is due to the protons moving along the center of the
(0001) channel. This peculiarity of the excitation curve

was used to determine the electronic energy losses of chan-
neled protons. The value of (dE/dx)(0001)/(dE/dx)rand =
0.64± 0.12 was determined.

It has been shown that the yield of resonance γ-rays
excited by channeled particles is dependent on the thermal
vibration amplitude of interstitial atoms.

Model excitation curves similar to those shown in fig. 7
were calculated for deuterons, and 3He and 4He ions. As in
the proton case, a plateau was observed for the mentioned
ions. The length of the plateau region is dependent on ion
energy losses.

The use of isolated narrow resonance reactions induced
by high-energy-resolution channeled ions in nuclei of im-
purity or matrix atoms opens new perspectives in the in-
vestigation of orientation effects. The elements (hydrogen,
oxygen, nitrogen and carbon) are dissolved in relatively
great amounts in some metals. The atoms of these ele-
ments are the interstitial impurities which occupy certain
(octahedral as a rule) voids. Some of the resonances of
the isotopes of these and other light elements can be used
to investigate the angular and energy dependences in the
particle flux distribution to determine energy losses, the
Lewis effect [15] at channeling, etc. The fine structure that
is observed in the channeled-particle scattering has been
used more than once to choose the potential that most ad-
equately describes the ion-atom interaction [2,3]. It can be
expected that the use of high-resolution beams and nar-
row resonances of nuclear reactions will provide new ways
for solving this problem.
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