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Strong oscillations in the Rutherford-backscattering yield of energetic “He ions channeling in
the basal plane of a beryllium single crystal have been observed. The wavelength of the oscillation
is in reasonable agreement with a particle trajectory calculation using an analytical continuum po-
tential, including the effects of thermal lattice vibrations, and is in good agreement with expecta-

tions from Monte Carlo simulations by Barrett.

INTRODUCTION

Oscillations in the trajectories of ions undergoing
planar channeling have been used in the past to study
the validity of approximations to atomic potentials and
stopping powers for channeled ions. We have ob-
served pronounced oscillations in the Rutherford
backscattering yield of channeled ions in beryllium
metal. Since Be is a metal with only four electrons
per atom, it may be asked whether the usual atomic
potential approximations are valid in this case. We
have compared our results with a continuum potential
model as well as with Monte Carlo simulations and
find reasonable agreement with both.

Using a Monte Carlo particle-channeling simulation
program for a Au lattice, Barrett! has found that the
parameter

(]=%}\¢M/dp (1)

turns out to be extremely insensitive to the choice of
atomic potential for scattering from the lattice atoms.
In Eq. (1), A is the wavelength of the oscillatory tra-
jectories of particles which backscatter while undergo-
ing planar channeling under conditions of perfect
alignment of the ion beam with the channeling direc-
tion; Y is a critical angle of incidence of the beam
for which the maximum scattering yield is observed;
and d, is the interplanar lattice spacing. The insensi-
tivity of g to details of the potential led Barrett to sug-
gest that by measuring ), one could relate the meas-
ured value of X\ in energy-loss units to the value of A
in depth units as extracted from Eq. (1), thereby ob-
taining an independent measure of the stopping power
of the medium for the ions employed. Strong oscilla-
tions in yield of backscattered ions as a function of
scattered-ion energy, while channeling in the basal
plane (0001), were observed in the course of meas-
urements on Be for the purpose of impurity lattice site
determination.? Additional measurements were there-
fore made to evaluate the parameter ¢ for comparison
with Barrett’s value for Au. This is the first such

measurement in beryllium. Previous studies of oscil-
latory planar channeling trajectories in other materials
such as Fe,® Au,* Si,” and W, ® have been reported.

EXPERIMENTAL DETAILS

A Be single crystal, cut such that the normal to the
sample lay in the (0001) plane midway between the
(1120) and (1010) axes, was mounted on a 25° wedge
in a two-axis goniometer and placed in the beam line
of a 2-MV Van de Graaff accelerator. A ‘He* beam
of 1.9-MeV energy, collimated to a beam divergence
<0.03° was incident on the crystal and scattered ions
were simultaneously detected in a 300-mm? annular Si
surface-barrier detector centered at a scattering angle
of 180° and in a solid detector placed at 120°. The
120° detector was masked to define the scattering an-
gle to +0.75°, thus minimizing kinematic broadening
in the energy spectrum (see Fig. 1).

The crystal was aligned using the relatively high
count rate available in the 180° detector. When
aligned for channeling in the (0001) plane, the crystal
face was normal to the beam direction with the (0001)
plane horizontal. Angular scans of the planar channel
were performed by rotating the crystal about the nor-
mal to the goniometer holder (i.e., about an axis at
25° to the crystal normal). The accuracy with which
the angle of incidence of the beam to the (0001)
channel could be determined was +0.004°. The verti-
cal acceptance angle of the masked 120° detector was
sufficiently large to guarantee no influence of particle
blocking (double alignment) on the data. Two advan-
tages accrued from use of a 120° detector. First, the
energy of He ions scattered at that angle from the sur-
face of the sample was —450 keV whereas at 180° it is
~280 keV which would have been more difficult to
utilize in the presence of electronic noise and pulse
pileup. And secondly, since scattered particles which
have penetrated the crystal exit at 120° to the normal,
their exit path lengths in the material are greater (by a
factor of two) than they would have been in a 180°
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backscattering geometry, thus enhancing the overall
depth resolution of the measurement. Figure 1
shows, in addition to a schematic diagram of the ex-
perimental geometry, a typical energy spectrum from
the 120° detector as collected in a PDP-11/20 comput-
er programmed as a multichannel analyzer.

The spectrum in Fig. 1 corresponds to perfect align-
ment of the incident beam with the (0001) channel.
In addition to the events representing scattering from
the matrix, peaks are observed at energies of ~668
and 881 keV due to scattering from thin surface layers
of carbon and oxygen, respectively. The channel loca-
tions of these peaks were used in conjunction with the
appropriate relation for kinematical energy loss at a
120° scattering angle’ to determine the energy calibra-
tion of the spectra. Similar spectra were accumulated
for equal integrated beam current at several angles of
incidence ¢ spanning values from perfect alignment
with the (0001) plane to approximately twice the
channeling critical angle.

RESULTS AND DISCUSSION

The evolution of the large amplitude oscillatory
behavior is clearly visible in the data of Fig. 1. From
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FIG. 1. Schematic diagram of experimental geometry and
energy spectrum in 120° detector, for perfect alignment
(¢ =0) with the (0001) channel. Yield oscillation maxima,
the Be surface peak, and carbon and oxygen impurity peaks
are shown. The flat background is primarily due to a bulk
20-ppm Ni impurity.

this spectrum, corresponding to ¢ =0, the energy po-
sition, Ey, of the first maximum below the surface
peak was determined and used to compute a prelim-
inary value for the half-wavelength %/\ by using the
relation

%)\=(kE0“‘ EM)/(kSm +2Soul) ’ (2)

where Ej is the incident beam energy, S;, and S, are
the stopping power values for He in Be corresponding
to entrance and exit energies, respectively, and k is
the kinematical scattering factor,’

2 1/2)2
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which equals 0.2354 for M, =4, M,=9, and ¢ =120°.
The stopping powers are rather slowly varying func-
tions of ion energy. It is a reasonable approximation
to neglect their variation over the entrance and exit
paths due to energy loss. The large kinematic energy
loss is accounted for by using appropriately different
values for S, and S,,,. From the tables of Northcliffe
and Schilling® for He in Be we find S;, =270.7 keV/ .
wm for E4=1.90 MeV and S,,,=381.1 keV/um for
E,,.=0.42 MeV. Since tabulated energy-loss data
refer to nonchanneled ions, a more precise value for
S,, in our case would be somewhat greater’ than quot-
ed. However, since the first term in the denominator
of Eq. (2) is less than 10% of the second term, we
have neglected this correction. The resulting
wavelength value was found to be %A =626 =25 1&,

where the error includes uncertainty in the position of
the oscillatory maximum but does not include errors
implicit in the tabulated stopping powers.

The energy loss of the beam in traversing thin im-
purity layers on the crystal surface would cause an
essentially constant energy shift over the Be spectrum
and would thus not affect our result. However, a po-
lycrystalline layer of Be, in an oxide for example,
would lead to an incorrect determination of the energy
channel corresponding to the surface of the single cry-
stal and in turn would lead to an overestimate of %)\.

ho_ M
(M, + M,)?

{cos¢ +

To correct for this possibility, we have used the area
under the '°0 peak in Fig. 1 along with the scattering
yield from Be for a nonaligned incident beam to com-
pute, employing the known relative Rutherford cross
sections for He on '°0 and °Be in our geometry, the
thickness of such an oxide layer assuming a comp(gsi-
tion of BeO. This resulted in a thickness of ~70 A of
oxide. With this value and stopping powers for BeO
computed using Bragg’s rule® we find the maximum
correction to %)\ is —88 A yielding a corrected value

of '7A =538%9 A. The quoted error is increased asym-

metrically onothe high side, indicating the full correc-
tion of —88 A is an overestimate since the effects of
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(a) the lower density of Be in BeO as opposed to Be,
(b) the greater stopping power of BeO over that of Be,
and (c) the finite resolution of the detector would all
tend to decrease the effect of the oxide layer on the
experimentally determined location of the Be crystal
edge in the spectra. The derived value of %)\, as
corrected above, is in better agreement with the ob-
served spacing of the deeper oscillatory maxima in
Fig. 1 than is the uncorrected value.

For the evaluation of Eq. (1), the additional param-
eter Yy must be extracted from the data. The spectra
for each angle ¢ were smoothed using a three-point
running average along the energy scale and are shown
in Fig. 2. As the angle of incidence is varied. one
sees from a careful examination of Fig. 2 that the first
maximum below the surface moves closer to the sur-
face peak. This indicates, as is expected, that the re-
gion of the first subsurface encounter of the particle
trajectory with the host atom planes is moving to shal-
lower depths. As the angle increases, the amplitude
of this peak grows to a value which is the absolute
yield maximum over the angle-depth plane. It is the
angle ¥, at which this maximum occurs that Barrett'
has used in Eq. (1). In order to determine this angle
more accurately, a portion of the data of Fig. 2, in-
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FIG. 2. Display of all smoothed energy spectra collected in
the 120° detector as a function of angle of incidence. Note
the movement of the first oscillatory maximum toward the
surface as the angle of incidence increases.

cluding the region of the maximum, was displayed as
a contour plot, as in Fig. 3. The maximum is inside
the region indicated by the arrow and occurs at

Wiy =0.254° (4.43 x 1073 rad).

Introducing ¢, (in radians), %)\, and d,=1.792 A
into Eq. (1), we find gg. =1.3239¢2. Barrett’s' value
for 1-MeV He in Au is g5, =1.36. Since one expects
Wp < (E)7V2 in analogy to a channeling critical angle
and A < (E)'?2 being proportional to ion velocity, g is
independent of E. Therefore g5, and gg. may be
directly compared and, within the quoted error, agree-
ment is found. Monte Carlo simulations for the Be
case would be desirable to determine whether ¢ is
indeed expected to be material independent.

To see whether the obtained value for %A is in

agreement with expectations on other grounds, we
have computed the classical trajectory for a planar
channeled He ion in Be using the continuum potential
of Erginsoy!® quoted by Barrett!' which is based on a
thermal average over a vibrating plane of atoms, each
of which presents a scattering potential taken as
Moliere’s!? approximation to a Thomas-Fermi func-
tion. Two parameters appearing in the potential which
must be provided are the Thomas-Fermi screening
length, atg, for He on Be and the root-mean-square
thermal vibration amplitude, u,, for Be at room tem-
perature. The latter may be calculated in the Debye
approximation, using”(—)oo= 1440 K as the Debye tem-
perature, to be ¥, =0.06 A. The expression for atf
for the case of a completely ionized He ion interacting
with Be is'!

are=0.885a,Z27"7 (4)
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FIG. 3. Contour plot of smoothed data for the region of
the angle-depth plane containing the absolute yield max-
imum. The dashed line corresponds to the position of the Be
surface.
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where ag is the Bohr radius and the rguclear charge of
Be is Z =4. This yields a1 =0.295 A, an unusually
large value due to the low value of Z.

The potential, denoted ¥ (X), with the above
parameter values, was used in two coupled differential
equations for the position X and transverse velocity v
of the particle,

ax
dt

and (5)

y =

_1l.d —x)) =2
de[V(X)+V(d,, % 9) o

where m is the He mass and ¢is time. From the initial
conditions v(0) =0 and x(0) = b, the equations were
numerically integrated stepwise in time until the next
zero in transverse velocity was found. The time at
which this zero occurred was translated into the pene-
tration depth which corresponds to %A using the

known longitudinal velocity, (2Eo/m)'2. Since the os-
cillations in the experimental spectra are primarily due
to particles entering the channel close to the walls,'!
the initial impact parameter value was taken as

b ~0.05A. The result, %A=625 .X‘, is fortuitously

close to the uncorrected experimentally derived value.
Reasonable variations in the value of ob, however, did
not alter this result by more than 25 A.

Since thermal vibrations are included in the em-
ployed continuum model in a way which is known not
to be rigorously correct,'* the above obtained value is
considered to be in reasonable agreement with experi-
ment. This however reemphasizes the need for
Monte Carlo simulation trials in Be which would prop-
erly account for lattice vibration while testing the sen-
sitivity of the results to choice of potential. From the
results presented here we can conclude that, even in a
few-electron metal such as Be, the Thomas-Fermi po-
tential is not an unreasonable approximation.
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Schematic diagram of experimental geometry and

energy spectrum in 120° detector, for perfect alignment

(¢ =0) with the (0001) channel. Yield oscillation maxima,
the Be surface peak, and carbon and oxygen impurity peaks
are shown. The flat background is primarily due to a bulk
20-ppm Ni impurity.



