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An experimental study has been made of the flux-peaking effect for channeled ions in '*0-implanted Ti
single crystals. Using 730-keV protons, as well as H,* and H;* ions of the same velocity, the angular
dependence of the '®0 (p,a)"N reaction yield has been measured in scans across the [0001] and (1120) axes
and the (0001) plane. It is found that the implanted O occupies the same octahedral interstitial sites in Ti as
in diffused samples. The dependence of the flux peak in the 'O yield on various factors' has been
investigated. While the magnitude of the peak is extremely sensitive to any factors which increase the
transverse energy of the best-channeled ions, the width is relatively insensitive. For both the [0001] and (1120)
axes, the transition from axial to planar flux peaking has been examined. The magnitude of the flux peak
for the (0001) plane is found to be greater than that for the (1120) axis intersected by the plane. This is
opposite to the behavior predicted by theoretical calculations, using both an analytical model and computer
simulation, for channeling in Cu. Possible explanations for the discrepancy are discussed.

I. INTRODUCTION

The existence of flux peaking for ions channeled
in a single crystal® is now well established. An
understanding of the flux-peaking effect is impor-
tant in applications of channeling and blocking,
such as the lattice location of foreign atoms? and
the measurement of compound nuclear lifetimes,?
as well-as in more basic channeling studies. Al-
though several theoretical studies of the effect
have been made, little experimental work has yet
been carried out. Channeling flux distributions
are most easily probed experimentally by mea-
suring the yield of some close-impact process
from interstitial foreign atoms. The energy and
depth dependence of flux peaking have been investi-
gated in this way using Yb implanted in Si,* but the
Yb atoms do not occupy a unique flux-peaking site.
In another investigation, the influence of inter-
stitial O atoms on thé channeling flux distribution
in Ti was examined,*® but only at high O concen-
trations (=10 at.%).

Our aim in the present work was to study flux
peaking experimentally in a known dilute inter-
stitial system. A suitable system is the solid so-
lution of O in Ti (as used in Refs. 5 and 6), in
which the O atoms are known to occupy the octa-
hedral interstitial sites in the hep «-Ti lattice.”
Because of difficulties previously experienced in
diffusing O into Ti,® Ti crystals were implanted
with %0 (dose 5 x 10 ions cm™). It is found that
the implanted O occupies the same interstitial
sites as in diffused samples.

Channeling measurements have been made with
‘730-keV protons, as well as H,* and H,* ions of

the same velocity, the %0 being detected by the
180(p, @)'*N reaction. Angular scans have been
carried out across the [0001] and (1120) axes
and the (0001) plane in Ti. Strong flux-peaking
effects are observed in each case. For the [0001]
axis, the dependence of the flux peak on factors
affecting the transverse energy of the channeled
ions has been investigated. For both the [0001]
and (1120) axes, the transition from axial to pla-
nar flux peaking has been studied. In the case of
the (1120)-(0001) transition, the flux peak is higher
for the plane than the axis.

To investigate this effect, theoretical calcula-
tions of the flux peaking in a (110)-{111} transi-
tion in Cu have been performed, using both an
analytical model and computer simulation. Cu
was chosen because the (110) channels in Cu are
almost identical to the (1120) channels in Ti, and
because a computer program was already avail-
able. Various possible explanations of the high
planar flux peaking observed in Ti are discussed.

'IIl. EXPERIMENTAL PROCEDURE

A. Crystal preparation

The Ti single crystals used in this work (sup-
plied by Metals Research Ltd.) were thin disks,
approximately 6 mm in diameter and 1 mm thick,
cut with either a [0001] or (1120) axis approxi-
mately normal to the surface. The Ti purity was
99.9%. After mechanical (including vibratory)
polishing, the crystals were electropolished in a
solution of 5% perchloric acid and 95% acetic an-
hydride. Successful electropolishing proved dif-
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ficult. The best results were obtained with the
electrolyte temperature between —-20 and -15°C
and the cell voltage in the range 30-40 V, cor-
responding to the current plateau; a Pt cathode
was used. Crystals electropolished under these
conditions had channeling minimum yields <0.05.

Implantation of 0 was carried out on the Har-
well Mk.I separator at 35 keV. The energy was
chosen so that the %0 range would correspond to
the first maximum in the flux-peaking depth dis-
tribution®® for 730-keV protons channeled along
the [0001] axis, thereby maximizing the flux-
peaking effect for this direction. The depth of the
maximum, calculated using the static continuum
form of the Moliére potential function!® to deter-
mine the [0001] transverse potential, is 510 A.

At an implantation energy of 35 keV, the calcu-
lated projected range R, of the **0 ions is 525 A
with a standard deviation AI—EP of 260 A1 Implants
were performed at room temperature with the ions
incident at 7° to the surface normal: The dose was
5x 10 ions cm™, giving an average concentration
of 0.14 at.% *®0 in the implanted region.

Radiation damage resulting from implantation
affects flux peaking (cf. Sec. IIIA). Consequently,
annealing of the implanted crystals to reduce the
damage would have been desirable. However, even
at a temperature of 400 °C, the diffusion coeffi-
cient for O in «-Ti is sufficiently high'? that a
substantial fraction of the implanted O would dif-
fuse to the crystal surface in a 15“min anneal. It
was found that annealing one crystal at 350 °C for
30 min had only a very small effect on both the
damage (as indicated by the Ti minimum yield)
and the flux peaking.

B. Experimental arrangement

Two accelerators were used for the experi-
ments: the 2-MV Van de Graaff at the University
of Aarhus, to produce 730-keV H" ions, and the
5-MV Van de Graaff at AERE, Harwell, to pro-
duce 1.46-MeV H," and 2.19-MeV H;" ions. Deu-
terium contamination of the H," and H;" beams
was determined (using scattering from a thin Au
foil) to be <0.3%. For proton energies near 730
keV, the cross section of the *0(p, @)**N reaction
is approximately constant with energy.!®'* The
differential cross section at backward angles is
~14 mb/sr and the reaction @ value is 3.97 MeV.

Similar experimental arrangements were em-
ployed in both cases. The incident beam was col-
limated to a size of 0.8 mm and an angular di-
vergence half-width of <0.03°; Crystal alighment
and angular scans were carried out using a three-
axis goniometer, controlled by stepping motors
which allowed target rotations as small as 0.01°,

A secondary electron suppressor in the form of
a wire loop was mounted close to the target. The
target was surrounded by a shield cooled with li-
quid nitrogen to minimize surface contamination,
and the target chamber vacuum was <10°° Torr.

Two Si surface-barrier detectors were used.

A 300-mm? detector, located at a scattering angle
of ~145° and subtending a large solid angle ~0.4 sr,
detected the emergent a particles. To absorb the
very large number of backscattered protons the
detector was covered with a 12-pum Mylar foil';
this reduced the a-particle energy of 3.4 MeV by
~2.6 MeV. The second detector, 25 mm? in area
and at a scattering angle of 165°, measured the
backscattered proton yield. This was covered
with an Al foil in which a number of small holes
had been made, so as to keep the count rate low
while avoiding blocking effects.

Typical beam currents were 100-200 nA. In
order to avoid large ion doses and consequent
radiation damage during crystal alignment, a 1.8-
MeV-proton beam was used for alignment. Pro-
tons of this energy backscattered from the sur-
face region of the Ti could penetrate the Mylar
foil covering the large solid angle detector. Thus
alignment could be performed at low beam cur-
rents (~0.2 nA) by monitoring the proton yield in
this detector.

III. RESULTS AND DISCUSSION

An a-particle energy spectrum for 730-keV pro-
tons incident in a random direction is shown in
Fig. 1. Similar spectra were obtained for H,* and
H,* ions, except for a low-energy continuum
thought to be due to backscattering from the Ti of
contaminant deuterium.

The a-particle counts were summed over the ener-
gy window indicated in Fig. 1. Since the depth resolu-
tionislimited by energy straggling in the Mylar ab-
sorber to~2000 A, the contributions to the a-particle
yield from the implanted'®0 and from natural *2Q (iso-
topic abundance 0.2%) in the surface oxide layer can-
notbedistinguished. The contribution from surface
130 was estimated, from measurements on an un-
implanted crystal, to be 10-15% of the total
yield. For the implanted crystals, the oxide con-
tribution could have been determined by means of
the °0(d, p)*"O reaction. However, as this could
not be done simultaneously with the #0(p, @)'*N
measurements, no correction for surface **Q was
made to the observed a-particle yields. The Ti
yield was determined in a window set on the back-
scattered proton spectrum, at an energy corre-
sponding to scattering from Ti at the (calculated)
depth of the implanted O.

Typical ion doses at each position in the angular
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FIG. 1. Energy spectrum of o particles from the
180 (p, @)!’N reaction, for 730-keV protons incident in a
random direction in a Ti single crystal implanted with
180, The a-particle detector was covered with a 12-ym
Mylar foil.

scans were 20-30 uC. The correspondihg 180
random yield levels were approximately 400-600
counts.

A. Axial flux peaking

The geometry of the [0001] and (1120) axial
channels in Ti is illustrated in Fig. 2, which also
shows the positions of the octahedral and tetra-

(1120)
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T (0001)
A
|

[
2.55 A

{nzo)

FIG. 2. Cross sections of the [0001] and (1120) axial
channels in Ti. Open circles represent rows of Ti atoms.
The filled circles and crosses denote the projections of
the octahedral and tetrahedral interstitial sites, re-
spectively, on planes normal to the channels.

hedral interstitial sites. Figure 3 shows the re-
sults of angular scans carried out across the two
axes with 730-keV protons; the tilting planes for
the scans are included in Table I. The widths of
the Ti dips are in reasonable agreement with the
values predicted by the calculations of Barrett.!®

FIG. 3. Angular scans

? carried out with 730-keV
protons across (a) the

[0001] axis and (b) a {(1120)

axis in ¥0-implanted Ti

1 single crystals. The open

circles correspond to the

E a-particle nuclear-reaction

yield from 80, and the

. filled circles to the proton

backscattering yield from

Ti. Some of the data points

have been omitted for clar-

ity.
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TABLE I. Experimental parameters for the axial and planar angular scans. X, is the normalized aligned yield, and
¥y /9 is the half-width at half-maximum (half-minimum) of the O peak (Ti dip). Errors in xy(Ti) are <0.005. The value
of the maximum flux Fp,, for the axial measurements is defined by Eq. (2).

Incident ¥1/2(0) ¥y /2(Ti)
Channel ion x0(0) Xo(Ti) (deg) (deg) Foax Tilting plane
[0001] 730-keV H* 1.64+0.06  0.13 0.105+0.01  0.56+0.02  1.74 +0.07 8.5° from {1120}

1.46-MeV Hy" 1.61£0.08 0.21 0.15 +0.03  0.65%0.05 1.77+0.10 . ~10° from {1120}
2.19-MeV Hy" 1.25+0.04  0.34 0.17 +0.05 0.65+0.05 1.38+0.06 ~10° from {1120}
{1120 730-keV H* 1.33+0.06  0.089  0.11 +0.03  0.53+0.02  1.36%0.07 14° from {1010}
1.46-MeV H," 1.24+0.06  0.20 0.13 +0.05 0.50%0.02 1.30+0.08  18° from {1010}

730-keV H* 1.50+0.05  0.31 0.11 *0.02  0.26+0.02 8° from (1120)

(0001)

In both scans a strong central flux peak is seen
in the '®0 yield, with an angular width ~0.2 of the
Ti dip width. That the implanted O occupies octa-
hedral sites in the Ti lattice is confirmed by the
narrow flux peaks observed for the two axes, to-
gether with the flux peak observed for the (0001)
plane (see Sec. IIIB). The possibility of a tetra-
hedral component is excluded by the lack of side-
band peaks in the (1120) scan. Both the axial flux
peaks appear to be superimposed on dips, sug-
gesting that some of the O is substitutional, but
the “dips” are much too wide for this to be the
case. Rather, the flux peaks are flanked by in-
verted shoulders or compensating troughs.

The magnitude of the [0001] flux peak is 1.64
+0.06, comparable to the largest values ob-
served for interstitial impurities in lattice loca-
tion experiments.? Although the 0 range cor-
responds to the first maximum in the flux-peaking
depth-distribution for the [0001] axis (Sec. IIA),
the observed flux peaking will be less than the
maximum because of range straggling together
with the limited experimental depth resolution.
Investigation of the depth dependence of the flux
peaking is precluded by the depth resolution. It
should be noted that the surface 0 background
contribution discussed previously also results in
the observed flux peak being slightly smaller than
its actual value.

Analytical treatments of flux peaking based on
the continuum model have been given by Van Vliet®
and Kumakhov.'®*’” In axial channeling, the max-
imum flux F _, can be expressed as

F .~ 1+1n(Ak/TOE)) , (1)

in which A, is the channel cross-sectional area,
and OE, is the fluctuation in transverse energy

of the best-channeled ions due to multiple scatter-
ing. The constant % is defined by U(p) = kp?, where
U(p) is the transverse potential (about the channel
symmetry axis) in the harmonic approximation.
Using a Moliére continuum potential, substitution
in Eq. (1) of the value F_, =1.74 deduced for the

[0001] axis (Table I) gives 0E,="7.9 eV. In these
experiments the major sources of multiple scat-
tering are implantation damage and the surface
oxide layer. The half-width (at half-maximum)

of the [0001] flux peak is 0.11°, ~30% less than
theoretical estimates.®'® For the (1120) axis, Eq.
(1) cannot be applied as the potential is not sym-
metric about the channel center.

Angular scans across the [0001] and (1120) axes
were also carried out with 1.46-MeV H,* ions,
and across the [0001] axis with 2.19-MeV H,* ions.
The molecular ions have the same velocity as 730-
keV protons. Differences in the flux peaking (and
the channeling behavior) might be expected for mo-
lecular ions, due to the transverse energy im-
parted to the protons by the breakup of the mole-
cules as they enter the crystal.

Scans across the [0001] axis with protons and
H,* ions are compared in Fig. 4. The H,* scan (not
shown) was almost identical to the proton scan,
except that the Ti dip was somewhat wider, pro-
bably due to the choice of tilting plane. The Ti
dip in the H;* scan, carried out in the same plane,
shows a similar effect. It is seen that the Ti mini-
mum yield for H;* is considerably higher than for
protons. This is consistent with the observations
of Tombrello et al.'®*° for H,* channeling in Si,
though the high minimum yield may arise partly
from poor crystal surface conditions for the scan
here. '

Table I summarizes the results of all the an-
gular scans [including the (0001) planar scan]. The
maximum flux F_, in axial channeling is, to a
first approximation, the flux-peak magnitude cor-
rected for the random fraction of the incident beam
arising from dechanneling:

Frax= [Xo(0) =Xo( T V[1 = xo(TD], (2)

where X, is the normalized yield in the aligned di-
rection.

The most significant feature of the H,* results is
that F_,, is reduced by a factor of about 2 com-
pared to protons. A similar effect was reported by
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FIG. 4. Comparison of angular scans across the [0001]
axis for 730-keV protons and 2.19-MeV Hy ions. For
clarity, only the H;' data points for %0 are shown.

Eisen and Uggerhdj? in their study of Yb-implanted
Si. Using Eq. (1), the transverse energy of the
best-channeled ions corresponding to the reduction
in flux peaking is ~3 eV. Hence the contribution to
the transverse energy per proton from the breakup
of a H;* molecule is of this order, while for H," (for
which no reduction in flux peaking is observed) the
contribution must be smaller. Assuming a sim-
ple Coulomb explosion, the maximum contri-
bution to the transverse energy per proton, cal-
culated from the Coulomb potential energy, is
4.5 eV for H,* and 11.0 eV for H;*. However, these
maximum values will not be attained at the depth
of the implanted O(R, =525 13.), where the interpro-
ton separation in the molecular cluster is esti-
mated (using Ref. 20, Fig. 4) to be only about 2-3
times the initial separation. Furthermore, quanti-
tative estimates of the transverse energy are com-
plicated by the influence of the transverse “wake”
force believed to act on the trailing particles in a
cluster.?® Another feature of the H,* and H,* re-
sults is that the flux peak appears to be slightly
wider than for protons. This effect may be assoc-
iated with the width of the Ti dip.

One of the major factors affecting the transverse
energy of the best-channeled ions, and thus the
flux peaking, is multiple scattering arising from

TABLE II. Normalized aligned yields Xo(O) and x,(T4i)
for the [0001] axis, and values of Fy,, [Eq. (2)], as a
function of 730-keV proton dose. Errors in X,(Ti) are

<0.005. The beam-spot area was 0.8x0.8 mm?,

Dose (1C) X,(0) Xo(Ti) Fnax
60 1.64+0.06 0.13 1.74+£0.07
1000 1.54+0.06 0.18 1.66+0.07
1350 1.48+0.06 0.19 1.59+0.07
1650 1.34+0.06 0.20 1.43+0.07

radiation damage. To investigate this, the magni-
tude of the [0001] flux peak was measured as a
function of bombardment dose for 730-keV protons.
The results are given in Table II. While x,(T4i) in-
creases slightly with dose, the value of F_,., which
takes the dechanneling associated with this increase
into account, decreases rapidly. This illustrates
the extreme sensitivity of the magnitude of a flux
peak to small levels of damage, as found earlier

in the work of Andersen ef al.?? Additional mea-
surements made at nonzero angles of incidence in-
dicated that the width of the flux peak remained
constant as the magnitude decreased, at least with-
in the limits of experimental error. The relative
insensitivity of the peak width to multiple scatter-
ing, previously found in computer-simulation
studies,® is predicted by analytical models.*'* We
note here that with increasing thermal vibrational
amplitude of an impurity at the center of a channel,
the flux-peak width increases as the magnitude de-
creases.”

Because of the dependence of the peak height on
radiation damage, the central points in each an-
gular scan were always measured first. No effects
were observed during the scans which suggested
any change in the location of the implanted O.

B. Planar flux peaking

Figure 5 shows the results of an angular scan
across the (0001) plane using 730-keV protons.
Again a strong flux peak is seen in the %0 yield,
but the width is considerably larger compared to
the Ti dip width than in the axial scans. This re-
flects the steeper transverse potential gradient
about the channel axis for planes compared to
axes.

The magnitude of the flux peak is comparable to
the values calculated from the theoretical expres-
sions of Morgan and Van Vliet** and Kumakhov,'”
assuming that 6E, =7.9 eV as determined from the
axial results. However, an unexpected feature of
the results is that the flux-peak magnitude for the
(0001) plane is greater than that for the (1120) axis
which is intersected by the plane [cf. Figs. 3(b) and
6(c)].
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FIG. 5. Angular scan across the (0001) plane, with the
same conditions as for Fig. 3.

C. Transition from axial to planar flux peaking

To investigate the transition from axial to planar
flux peaking, angular scans were carried out (l,vith
730-keV protons) across the [0001] axis in {1120}
and {1010} planes, and across the (1120) axis in the
(0001) plane. The results are presented in Fig. 6.

As shown in Fig. 2 the octahedral interstitial site
lies at the center of {1010} and (0001) planar chan-
nels, but is completely shadowed along {1120} chan-
nels. Thus planar flux peaking would only be ex-
pected in the {1010} and (0001) scans. In the [0001]-
{1120} scan, the *®0 yield displays a central axial
flux peak and tends towards the host Ti yield at an-
gles >3, ,(Ti), as expected for atoms shadowed with
respect to the planes. In the [0001]-{1010} scan,
the 20 yield displays both axial and planar flux
peaking with slight troughs in the transition region.
It is seen that the axial flux peak falls to the ran-
dom level much more rapidly than in the [0001]-
{1120} scan, where the peak exhibits distinct wings,
although the widths of the two peaks at half-maxi-
mum are almost identical. The magnitude of the
axial flux peak in both scans is less than for the '
scan in Fig. 3(a) due to radiation damage, all three
scans being performed on the same beam spot.

In the (1120)-(0001) scan the behavior of the *0
yield is completely unlike that in the [0001]-{1010}
scan. Here the planar flux peaking is higher than
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FIG. 6. Angular scans across (a) the [0001] axis in a
{1120} plane, (b) the [0001] axis in a {1010} plane, and
(c) 2{1120) axis in the (0001) plane, with the same con-
ditions as for Fig. 3.

the axial, as noted previously, with the yield
showing an extremely narrow dip (width 0.13°) at
the axis. A similar effect was observed by Della
Mea et al.® for deuteron channeling in TiO, ;,, but
in this case the O concentration is sufficiently high
to perturb the axial flux peaking significantly. To
our knowledge, such an effect has not been ob-
served previously at low impurity concentrations.
In order to investigate the origin of this effect,
theoretical calculations of the flux peaking for 730~
keV protons in a (110)-{111} angular scan in Cu
were performed. The channeling critical angles
for the (110) channels in Cu and the (1120) channels
in Ti differ by ~20%, and as can be seen from Figs.
2 and 7, the shapes of the channels are almost iden-
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FIG. 7. Cross section of a [110] axial channel in Cu,
for which computer simulations of flux peaking were per-
formed. Open circles represent rows of Cu atoms, and
the filled circle denotes the projection of the octahedral
interstitial site on a plane normal to the channel.

tical. There is a slight asymmetry in the Ti (1120)
channels about the channel diagonals, but the de-
viation of ~2% from perfect symmetry should have
a negligible influence on the flux peaking. The
(0001) plane in Ti corresponds to the {111} planes
in Cu, the octahedral site lying at the channel cen-
ter in both cases.

The calculations were of two types: (a) analytical
calculations based on a multirow continuum model,
and (b) Monte Carlo computer simulations based
on a binary-collision model. The analytical model

is the same as that described in Refs. 25 and 26.
Statistical equilibrium is assumed and no allowance
is made for depth effects associated with nuclear
and electronic multiple scattering. However, the
implanted O is close to the surface, and the flux
peaking is averaged over a depth of ~1000 A ex-
perimentally due to the limited depth resolution.
Details of the Monte Carlo computer program,
which includes multiple scattering, are given else-
where.®?® Values of the program parameters were
chosen to correspond to those for the experimen-
tal measurements in Ti; the flux for 625 incident
particles was averaged over a depth of 1000 A
from the crystal surface. For the analytical cal-
culations the standard Lindhard row and plane po-
tentials were used, while the computer simulations
employed the Moliere interatomic potential. In both
sets of computations, the flux was averaged -over
the area of a square of side +0.09 A(cf. Xoms= 0.078
A in Cu at 20°C) centered on the octahedral site.

In the analytical calculations, the flux-peak mag-
nitudes for the (110) axis and {111} plane were
found to be 2.59 and 1.57, respectively. As a spe-
cific tilting plane cannot be chosen in the model
used, it was not possible to follow the transition
from the axis to the plane. However, the calcula-
ted planar flux peak is lower than the axial, in con-
trast to the experimental results for the (1120) -
(0001) transition in Ti.

A similar result was obtained in the computer
simulations, as shown in Fig. 8. For comparison,
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FIG. 8. Computer simulations of the ion flux at the octahedral interstitial site and at a lattice site in Cu, for scans
across a (110) axis in (a) a {111} plane and (b) a {100} plane. The flux is calculated for 730-keV protons in Cu at 20°C,
and is averaged over 1000 & starting from the crystal surface.
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a simulated scan was carried out across the (110)
axis in a {100} plane, along which the octahedral
sites are shadowed. The results of this scan are
qualitatively similar to those of the experimental
[0001]-{1120} scan in Ti [Fig. 6(a)], where the
octahedral sites are also shadowed along the
planes. The simulated (110) {111} scan is quali-
tatively similar to the Ti [0001]-{1010} scan,
though the calculated flux peaking remains above
the random level in the transition region. It shouild
be noted that no allowance is made in the calcula-
tions for dechanneling associated with radiation
damage. A point of interest is that the widths of
the peaks in the two scans in Fig. 8 are approxima-
tely the same.

Although the magnitudes of the axial and planar
flux peaking in the computer simulations are great-
er than in the analytical calculations, the differ-
ence probably arises from the assumption of statis-
tical equilibrium in the analytical model. Com-
puter calculations for a depth of 500 A gave axial
and planar flux peaks which were slightly smaller,
but of the same relative magnitude. This indicates
that the depth dependence of the flux peaking is si-
milar for the axis and the plane.

There are several possible explanations for the
‘discrepancy between the experimental and calcula-
ted Ti (1120)-(0001) flux-peaking behavior. In the
work of Della Mea et al.>® on Ti-O alloys, it was
shown that axial flux peaking decreases significant-
ly with increasing interstitial O concentration,
while planar flux peaking is only weakly affected.
Extrapolation of their results suggests that the
flux peak for an axis could become less than that
for a plane intersecting the axis at an O concen-
tration 24 at. %. In our work the implanted *°0
concentration was only ~0.14 at. % (Sec. IIA), con-
sistent with the measured a-particle yields. It is
possible, however, that the crystals contained a
relatively large dissolved 'O component. Even for
an %0 concentration of 4 at. %, the corresponding
180 concentration would be only 0.01 at. %, com-
parable to that in the surface oxide layer. The
near-surface '°O content of the crystals could in
principle be determined by '°0(d, p)'"O measure-
ments, but the limited depth resolution would make
it impossible to distinguish the yield contribution
from the surface oxide. Such an explanation of the
observed flux-peaking effect seems unlikely, as a
similar effect is not seen in the [0001]-{1010} scan.
Nevertheless, a high O concentration in the (1120)
crystal alone is possible.

Another possibility is that the thermal vibra-
tional amplitude of O atoms in octahedral sites is
larger in a direction parallel to the (0001) plane
than it is perpendicular to the plane. This would
have the effect of reducing the axial flux peaking

but not the planar® (cf. Fig. 2). However, the com-
puter simulation results (for Cu) indicate that even
if the difference in vibrational amplitudes were a
factor of 2, the axial flux peak would still be higher
than the planar.

It seems likely that the explanation lies in the
potentials used in the calculations. It is well re-
cognized that potentials such as the average Lind-
hard and Moliere potentials may not be good ap-
proximations at large distances from lattice atoms,
especially near the center of a channel where flux
peaking occurs. If the (1120) transverse potential
were slightly flatter at the channel center than
either of these two potentials, the calculated flux
peak for the axis could be less than that for the in-
tersecting (0001) plane. A similar effect might not
occur for the [0001] axis, where the potential has
a different shape about the channel center.

IV. CONCLUSIONS

The major results of this study are as follows:
(i) As expected, the magnitude of a flux peak is
extremely sensitive to any factors which increase
the transverse energy of the best-channeled ions.
The factors investigated here are the Coulomb ex-
plosion of incident molecular ions, and multiple
scattering due to radiation damage. Small levels
of damage reduce the flux peaking significantly. (ii)
The width of a flux peak is relatively insensitive to
multiple scattering, as predicted by theoretical
models. (iii) The shape of an axial flux peak near
the random-yield level varies with the tilting plane,
only in so far as the axial flux-peaking site is inter-
stitial or shadowed with respect to the plane. (iv)
For 730-keV protons in Ti, the magnitude of the
flux peak for the (0001) plane is greater than that
for the (1120) axis intersected by the plane. This
behavior is opposite to that predicted by both an-
alytical calculations and computer simulations for
the geometrically similar Cu {111} plane and (110)
axis. Of various possible explanations for the dis-
crepancy, the inadequacy of the potentials used in
the calculations seems the most likely.

In conclusion, the results should emphasize the
difficulties in making accurate quantitative esti-
mates of flux-peaking effects, and the need for im-
proved theoretical models.
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