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The isolated resonance of the nuclear reaction on impurity interstitials was used to investigate orientation effects.
The method is shown to provide the best energy resolution in comparison with other methods. The “C(p,y)"*N
reaction resonance at a proton energy of 1.7476 MeV was used to investigate the proton flux distribution in the
(0001) plane channel of the single-crystal solution Re-0.4 at.%"C. Some special features of the y-quantum yield of
the reaction in relation to energy have been established. Electron energy losses of hyperchanneled protons were
measured. It is demonstrated that the y-quantum yield of the channeled proton-excited reaction is dependent on the

amplitude of thermal vibrations of carbon atoms.
PACS: 24.30.-v, 68.35.Dv, 68.35.Ln, 61.72.Ji

1. INTRODUCTION

The basic facts about orientation effects at
channeling of hydrogen and helium ions were obtained
from the analysis of angular and energy distributions of
particles scattered by the nuclei of crystal atoms [1]. In
the narrow energy range, in the near-surface region of
the crystal, at depths of up to ~6 wavelengths of
particle trajectory oscillations, the scattering spectrum
shows a fine structure. Therefore, in studies of a
channeled particle flux in this region, stringent
requirements are imposed on the energy resolution of
the method. The two factors, namely, straggling
(discrete statistical character of electron energy loss
fluctuations in the medium) at the crystal in/out parts of
the scattered particle trajectory and the energy
resolution of the spectrometer, substantially restrict the
experimental possibilities of the scattering method. This
leads to the smoothing of spectra, blurring of their
structure and, as a consequence, to ambiguities in the
analysis of results [2].

To investigate the orientation effects, we offer an
approach based on the use of isolated resonances of
excitation functions of the reactions on the impurity
interstitial and substitution atoms, which occupy certain
positions in the crystal.

2. METHOD

The property of many nuclear reactions is the
presence of one or more peaks (resonances) in the plot
showing the radiation yield (e.g., (p,y) reaction) versus
particle energy. These resonances are measured
experimentally by varying the energy through its small
increments with simultaneous measurement of the
reaction yield for each energy value. At Ey > E..,, the
particle loses its energy in the target until the energy
attains the resonance value at the depth “x” in the “ox”
element, where the reaction takes place.

If the reaction is excited by channeled particles, the
resonance radiation yield depends not only on the atom
concentration in the “dx”. In this case, the yield is also

dependent on many other factors: the flux distribution in
the channel, the arrangement of atoms, on which the
reaction is excited, electron energy losses of channeled
particles, the energy straggling, the crystallographic
direction, etc.

The resolution of the elastic scattering method,
without regard for both the geometry responsible for the
solid acceptance angle of the detector and the target
surface roughness, is given by the expression

(Abe)z = (6Ebm)2 * (6Espc)2 * (6Ein)2 t (JEout)z 5 (1)

where JF,, is the beam energy straggling at entry into
the crystal, 0E,,. is the spectrometer resolution, JFi,
OFE,. denote the straggling before and after particle
scattering in the target, respectively.

LE (keV)
(6]

0 2 4 6 8 10
Energy losses (keV)

Fig. 1. Energy resolution of the backscattering
method as a function of energy losses for the surface-
barrier detector (), magnetic spectrometer (), and the
method of resonant nuclear reaction "N(p,ay)*C (1)

Fig. 1 shows the resolving power of scattering
methods versus energy losses, as ~ 0.5 MeV protons
penetrate deep into the target. The straggling depends
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on the depth, at which the particle is scattered in the
crystal. As it is seen from Fig. 1, in the parts of the
proton trajectory before J0F;, and after JF,,, scattering in
the near-surface zone of the crystal the contribution to
the resolving power from straggling is insignificant if a
semiconductor-detector spectrometer is used. The
measurements of scattered proton energy with the use of
a cooled Si-detector (curve ()) give the worst
resolution. This is due to the fact that the
semiconductor-detector spectrometer for the protons of
this energy has O0Eg.~9keV [3]. The use of the
magnetic analyzer for the spectrometry of scattered
particles [4], as it follows from Fig. 1 (), substantially
improves the energy resolution. Here the straggling does
give a certain contribution to the energy resolution. But
in the given case, the magnetic analyzer acts as a
differential instrument; besides, its scattered-particle
acceptance solid angle is considerably smaller than that
of the semiconductor-detector spectrometer.

The dependence of the resolving power of the
isolated resonance method on the depth, at which the
reaction occurs, is defined by the expression

(AEnl’)Z: (5Ebm)2+ Frzes+ (5ED)2+ (JEin)za (2)
where JF,, is the beam energy straggling at entry into
the crystal, I, is the natural line width of resonance,
OEp is the Doppler broadening the natural line with [
of the resonance, JE; is the energy straggling of

particles at entry into the crystal. The resonance can be
selected to have /., > JEp.

As it follows from Eq. (1), the resolution depends on
channeled particle straggling over the part of the
trajectory up to the reaction excitation, and is
independent of the spectrometer resolution. This enables
one to obtain a much better depth resolution by the
isolated resonance method rather than by the scattering
method.

The two methods are equally dependent on OFj.
Stringent requirements are imposed on the technical
capabilities of the accelerator.

3. RESULTS AND DISCUSSION

The program developed to simulate the channeled
particle flux as well as the experimental data on the
location of carbon atoms in the single-crystal solution
Re-0.4 at.%"C were used to investigate the evolution of
proton trajectories in the plane channel (0001) by the
isolated resonance method. The nuclear reaction
BC(p,y)"N, which shows a strong isolated resonance at
a proton energy of 1.7476 MeV, I'.., = 135 eV, was used
to determine the localization of carbon atoms. It has
been established [5] that carbon in rhenium occupies
octahedral interstitial sites. In crystals with the
hexagonal close-packed lattice (rhenium being among
them), the plane of octahedral interstitial sites lies just at
the center between the (0001) planes.
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Fig. 2. Channeled proton flux distribution in the transverse plane along the (0001) channel, E) = 1.7476 MeV, ¢, = 0

Fig. 2 shows some special features of the dynamic
distribution of the proton flux in the (0001) channel up
to the first bundle 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 amplitude of trajectories give rise to the peaks
along the edges of the flux distribution. As the depth
grows, the peaks approach the center of the channel and
form the maximum in the region of the first bundle of
trajectories. As it is obvious from Fig. 1, in the middle
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of the channel, up to the maximum, the flux of
hyperchanneled protons is uniform in the transverse
plane, and is close to a constant value, irrespective of
the depth value.

Fig. 3 shows the calculated (O, - - -) and measured
() functions of the “C(p,y)"*N reaction excitation at
proton channeling along the (0001) plane up to the first
bundle of trajectories. The same figure shows the
excitation function for random protons ( ). As



expected, a sharp increase in the y-quantum yield is
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Fig. 3. BC(p,y)"’N reaction yield vs proton energy

observed at the resonance energy, irrespective of the
beam momentum orientation relative to the crystal. The
increase in the reaction yield for random protons attains
saturation and further remains unchanged irrespective of
energy. The excitation function for channeled protons
has a plateau, ~ 400 eV in width (shown by the arrow in
the figure). The y-quantum yield in this region stays
close to a constant value, and substantially exceeds the
yield from random protons. The hyperchanneled proton
flux at the center of the channel, where valence
electrons are found (Fig. 1), gives the main contribution
to the reaction excitation function in the plateau part. An
insignificant contribution to the excitation function
comes from dechanneled protons. The increased yield
observed in the plateau region as compared to the yield
for random protons is accounted for by a decrease in the
electron energy losses of hyperchanneled protons on

(dE/dx) woo1) / (AE/AX) ranaom to be 0.64. The greatest y-
quantum yield is realized in the region of the first
bundle of proton trajectories.

The simulation program used here takes into account
the thermal vibrations of impurity atoms in the
transverse plane of the (0001) channel in the harmonic
approximation. Numerical calculations have pointed
(Fig. 3) to the existing dependence of the reaction yield
at the maximum of the excitation function on the r.m.s.
amplitude of thermal vibrations of *C atoms. As the
amplitude of ~’C vibrations grows the y-quantum yield
drops. The best agreement between the measured data
and the calculations was obtained at the thermal
vibration amplitude equal to 0.102 A.

The work was done with partial support of Project
X866 SIMPT 2010.
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valence eclectrons. The estimates give the ratio

METO/J U30JIMPOBAHHOI'O PE3OHAHCA
N 3JIEKTPOHHBIE TOPMO3HBIE ITIOTEPU DOHEPT UM 'NIIEPKAHAJIMPOBAHHBIX YACTHUIL

B.M. Illepwines, H.A. Ckakyn

W3onmnpoBaHHbIA PE30HAHC SIAEPHON PEakIMU Ha NMPUMECHBIX aTOMaxX BHEIPEHHS HCIOJIb30BAH IJISI U3Y4CHHS
OpPHEHTALMOHHBIX 3¢ ¢ekToB. [IokazaHo, YTO ITOT METOJ| MO3BOJISET MOIYUUTH Jydllee SHEPIeTHIECKOe pa3perre-
HHE II0 CPaBHEHMIO C APYyrHMH MeTomamu. Pesomanc peaxmum “C(p,y)"N, mpu sHeprum mpoToHoB 1,7476 MoB,
UCTIONB30BaNCA Ui UCCIIEAOBaHMs paclpeieleHus IOToKa MPOTOHOB B IIockocTHOM KaHase (0001) moHokpucrai-
nugeckoro pactopa Re-0,4 a1.%"C. YcTaHOBIIEHBI 0COOEHHOCTH BBIXO/IA Y-KBAHTOB PEAKIMK B 3aBMCHMOCTH OT
SHepruu. M3MepeHsl AJIeKTPOHHbIE IMOTEpU SHEPIHH TMIepKaHAIMPOBAHHBIX MPOTOHOB. Iloka3aHo, 4To BBIXOJ Y-
KBaHTOB peaklyH, BO30YKAaeMOIl KaHAIMPOBAHHBIMH MPOTOHAMHM, 3aBUCUT OT aMILUIUTY/bI TEIJIOBBIX KOJIEOaHH
aTOMOB YTJIepoa.

METOJ I30JIbOBAHOTI'O PE3OHAHCY
TA EJEKTPOHHI I'AJIbBMOBI BTPATH EHEPT1i TIITEPKAHAJIbOBAHUX YACTHHOK

B.M. Illepuines, M.O. CxkaxyH

[3071p0BaHMil pe30HAHC SEpHOI peakiii Ha BIPOBA/DKEHUX aTOMax JOMIIIOK BHKOPHCTaHO JUIS BUBYCHHS
opienTaniiinux edekris. IlokazaHo, 110 el METOJ JO3BOJISIE OAEPIKATH Kpallle CHEpreTHYHe PO3PI3HEHHS y MOpiB-
HHHI 3 iHmuMu Metogamu. Pesonanc peakuii “C(p,y)'*N, npu eneprii nporonis 1,7476 MeB, BUKOPHCTOBYBaBCS
JUTA TOCIiKEHHST PO3MOJUTy OTOKY MPOTOHIB y miommHHOMY KaHaimi (0001) moHOKpucTanmigHOro po3unHy Re-
0,4 ar.%"C. BcTaHOBIEHO 0COOGIMBOCTI BHXOMY Y-KBaHTIB PEaKIlii B 3aI€XKHOCTI Bix eHeprii. BuMipsHo enexTponHi
BTpAaTH €Heprii TinepKaHANbOBAaHUX NPOTOHIB. [lokazaHO, IO BHUXIA Y-KBaHTIB peakiii, mo 30ymIKyeTbCs
KaHaJIbOBaHUMH IIPOTOHAMH, 3aJISKUTh BiJl AMILTITYIM TEIUIOBUX KOJIMBAHb aTOMIB BYTJICLIO.
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