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Range Measurenmnts in Oriented Tungsten Single Crystals
(0.1-1.0 MeV). II. A Detailed Study of the
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In this paper the mechanism of channeling of K4' ions in monocrystalline tungsten is investigated. The
influence of various parameters —ion energy, crystal direction, surface oxide thickness, misorientation, lattice
temperature, and bombardment dose—has been studied. It is found that: (i) the over-all range distribution
is rather sensitive to all these parameters; (ii) the maximum range R „depends only on the ion energy
and crystal direction; (iii) planar channeling exists down to the lowest energy studied (70 keV); (iv) the
critical angle for channeling is about 3' at 500 keV and decreases slowly with increasing energy. In all
cases, the crystals have been oriented with respect to the ion beam to ~0.1', by means of wide-angle scatter-
ing of protons. An attempt is made to correlate the results for these. fairly slow heavy ions with Lindhard's
theoretical treatment of the motion of charged particles in a crystal lattice, and with the experimental
studies on fast light ions.

INTRODUCTION

r THIS paper is the second of two dealing with range.measurements in oriented tungsten single crystals.
In the preceding paper, ' the emphasis was on energy
losses of channeled heavy ions. Range distributions were
measured for several different projectiles in the energy
region 0.1—1.0 MeV along the (100) and (110) direc-
tions, in order to obtain information on the electronic
stopping power. The main characteristic of these range
distributions in tungsten is that, unlike the lower-
energy work, 2 they consist of two peaks —one close to
the surface and one deep below the surface )see Fig.
1(b), Ref. 1$. The 6rst peak. agrees well with the
amorphous range; it is attributed to particles that have
been scattered out of the incident beam on entering the
crystal —i.e., by violent collision with the atomic rows.
The second peak possesses a sharp falloff on the more
penetrating side, which led us to introduce the concept
of a maximum ralge (R ). It was suggested that this
deeper peak consists of particles that have maintained
a channeled trajectory over most of their path and that
R could be attributed to the most perfectly chan-
neled portion. It was further shown in Paper I that,
throughout this energy region, R, approximates very
closely an 8'~' dependence characteristic of electronic
stopping. However, although electronic collisions may
dominate the stoppirtg of a channeled ion, it can be
shown that only the nuclear collisions provide the
necessary steering action. ' In this paper we make a
detailed study of the channeling mechanism of a heavy
ion of 0.1—1.0-MeV energy in tungsten. Measurements
have been made along the (100), (111), and (110)
directions and in the {110)planes.

*Permanent address: Research Institute for Physics, Stock-
holm 50, Sweden.

' L. Eriksson, J.A. Davies, and P. Jespersgaard, previous paper,
Phys. Rev. 161,219 (1967).Referred to as Paper I.

'K. V. Kornelsen, F. Brown, J. A. Davies, B. Domeij, and
G. R. Piercy, Phys. Rev. 136, 849 (1964).

~ J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat. -Fys.
Medd. 34, No. 14 (1965).

In earlier experiments on heavy-ion channeling at
low energies, 4 the crystal orientation was not precise
enough to provide quantitative information (as was
shown in Fig. 4, Ref. 5) . With the improved orientation
technique now available, ' we are able to study the
channeling process in a more quantitative way. Potas-
sium has been selected for this purpose because, of all
the projectiles investigated in Paper I, it exhibits the
most pronounced channeling properties. A partial
explanation for this fact is that the electronic/nuclear
stopping-power ratio for potassium is particularly high
compared to other ions (Fig. 5, Paper I), and so the
scattering effect (due to nuclear stopping) is less im-

portant. However, chromium has a similar electronic
stopping power (and Z& value), and yet does not show

nearly as pronounced a channeled peak as potassium;
the reason for this difference in channeling behavior is
not understood. In this connection it might also be
noted that, of the target crystals used to date, tungsten
appears to have by far the best channeling properties, as
revealed from range measurements. This may be due

partly to its almost oxide-free surface. Moreover, the
electronic stopping observed along preferred directions
in tungsten is much higher than in the other crystals
studied (e.g., it is more than twice the value observed
in gold' ); this must also be a contributing factor.

The most important parameters are the ion energy
and the crystal direction. Both these parameters have
been varied in the present investigation in order to
study their eRect on the characteristic features of the
double-peaked range distribution; a qualit'ative discus-
sion of the directional dependence is given. Also, the
importance of a surface oxide layer is examined by
anodizing the crystal to form different oxide thicknesses.

4 See Refs. 7-12 of Ref. 1.
5 J. A. Davies, L. Eriksson, and P. Jespersgaard, Nucl. Instr.

Methods 38, 245 (1965).
6 J. U. Andersen, J. A. Davies, K. O. Nielsen, and S. L. Ander-

sen, Nucl. Instr. Methods 38, 210 (1965).
7 F. Brown, G. C. Ball, D. A. Charming, L. M. Howe, J. P. S.

Pringle, and J. L. Whitton, Nucl. Instr. Methods 38, 249 (1965).
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A. Dependence on Ion Energy
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FIG. 1. Energy dependence of 8 „for K ~ ions in tungsten
single crystals of various orientations. The dotted line depicts an
E'12 dependence, characteristic of electronic stopping.

Several recent experiments'~' have studied the
inhuence of the crystal lattice on the motion of energetic
protons and alpha particles. One striking feature in
these experiments and in the corresponding theory' is
the existence of a well-defined critical angle for chan-
neling. " In this paper, experimental estimates of the
critical angles for channeling of 0.1—1.0-MeV K4' ions
in tungsten are obtained.

In the earlier work, Kornelsen et al. observed a
marked decrease in the amount of channeling of 5-keV
xenon ions (Fig. 10, Ref. 2), when the tungsten crystal
was held at 1200'K during the bombardment. In order
to study the temperature e6ect under more favorable
channeling conditions, we have also measured range
distributions along the (111)direction with the crystal
at 525'K during bombardment.

Finally, in order to investigate the dose dependence
of the double-peaked distributions, a few range meas-
urements have been performed in a crystal that had
been deliberately prebombarded with one of the stable
K isotopes.

SE. Bggh and E. Uggerhgfj, Nucl. Instr. Methods 38, 216
(1965).

9 J. A. Davies, J. Denhartog, and J. L. Whitton, Phys. Rev.
(to be published).

io 3. Domeij, Arkiv Fysik 32, 179 (1966).
"In this paper, channeling is not restricted to what Lindhard

(Ref. 3) de&i.es as "proper channeling" (in which the particle
has such a small transverse momentum that it cannot overcome
the barrier to a nearby channel), but rather is used to include all
steered trajectories in which violent collisions are avoided.

EXPERIMENTAL TECHNIQUE

The experimental technique has been fully described
in Paper I. All measurements reported in this paper
have been performed with the crystals aligned to within
a few tenths of a degree with respect to the incident
beam; this alignment was achieved by means of the
proton wide-angle scattering technique. '

The maximum range E is physically the most
significant, and experimentally the best-defined param-
eter in the observed range distributions. As discussed
in Paper I, E is almost exactly proportional to E'~';
this E'I' dependence is again illustrated in Fig. 1, using
K4'ions of 70-900-keV energy. As can be seen, a (100)
direction has the greatest maximum range; it was
therefore selected for studying the energy dependence
of the range distribution.

The observed distributions can be split into three
parts: A, B, and C, as defined in Fig. 2(a) Lfor typical
experimental curves see Fig. 1(b), Paper If. A repre-
sents that fraction of the beam undergoing essentially
"random" stopping throughout its path, C is the frac-
tion that remains channeled for its entire path (or at
least a major part of it), and B is the in'termediate
fraction that, although initially channeled, gradually
becomes scattered into a random direction during the
slowing-down process. " Amorphous ranges R, for
potassium ions were presented in Paper I, Sec. 3; it was
noted that, because of scattering eGects, the first peak
in a single-crystal range distribution does not always
coincide with the amorphous range. In the case of
potassium, however, E. can be measured rather ac-
curately, and therefore the area A is defined as twice
the fractional loss of activity at E, . (These 2 values
will be used in Subsec. D to deduce the critical impact
parameter r;„for channeling. )

The distinction between areas 8 and C is less well
understood. Presumably, the scattering eGects that
contribute to 8 might also contribute to the left slope
of the channeled peak. The significance of peak C will be
discussed in Subsec. B. It can be seen from Fig. 2(b)
that, within experimental errors, the width hR at
half-height increases linearly with E:in the (100)
direction, AE= 0.082+0.105 R,„(mg/cm') .

The most probable range E~„b of the channeled peak
does not have a simple physical interpretation and so
will not be discussed here; the channeled peaks are
markedly asynunetric Lsee Fig. 1(b), Paper Ij, and
their sharp cuto8 makes E, more significant than
Rp b The energy dependence of E~„b for K" ions along
the (100) was shown in Fig. 4, Paper I.

We interpret (B+C) as the total fraction of particles
starting out with a channeled trajectory. We note
LFig. 2(c)$ that B is almost independent of energy,
whereas (B+C) increases slowly with energy; conse-

quently, the probability of a particle remaining chan-
neled throughout most of its path must also increase
somewhat with energy. This energy dependence, how-

"For light particles it has been shown that a small part of the
incident beam can have a trajectory resulting in an abnormally
high energy loss. This component, however, is not observed in our
measurements, probably because it is smeared out by multiple
scattering e8ects.
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FIG. 2. Energy dependence of the
differential distribution of K4' ions
along the (100) direction in tungsten:
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channeled distribution; (b) the half-
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ever, is not very large, except perhaps at the lowest
energies.

B. Deyendence on Crystal Direction

Maximum ranges versus energy have been measured
for the (100) and (110) directions and for the {110I
planes. As shown in Fig. 1, the curves are essentially
parallel in a log-log plot with a slope close to 0.5, in-
dicating the predominance of electronic stopping in the
slowing down of a channeled ion (as discussed in Paper
I) . The maximum ranges at 500 keV are given in Table
I, together with a value for the (111) direction. A
qualitative comparison between these values, based on
estimated mean electron densities along the channels,
will be given later in this section.

The range distribution in the {110Iplane was meas-
ured at 70, 150, and 550 keV. In each case the crystal
was deliberately oriented (by means of the Rutherford
scattering technique) to a random orientation within
the {110Iplane, i.e., one that did not coincide with any
minor axis. Typically, the crystal was tilted 5'-10'
away from the closest main axis, (100) or (111).For

comparison, the range distribution was also measured
with the crystal tilted the same amount to a random
direction. Figure 3 compares the results at 550 keV. The
distribution in the (100) direction is also included.

The maximum range in the most close-packed plane
(i.e., the {110I)is very nearly the same as in the (110)
direction, but is signi6cantly shorter than in the most
close-packed (100) and (111) directions (Fig. 1) .
About 12% of the beam remains channeled within the
plane at 550 keV. It is not possible to attribute such
a high fraction to scattering into a preferred axis; hence,
we are observing a true planar channeling. It should be
noted that, even in the random case, roughly 1% of the
particles become channeled. This is probably due to
scattering into one or more of the major p/uncs, as the
probability of being scattered 5'—l0' into the accept-
ance cone of a main axis is much too small to account
for the observed effect.

It can be seen from Fig. 3 that the probability of a
particle being scattered out of a channeled trajectory
is much higher in the planar case than along the (100)
direction. At 500 keV the probability of remaining
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TAm, E g. Ch. Channehng properties for 500-keV K4 ions
'

cons in tungsten, lattice spacing l =3.16 g.

Crystal direction

Rmsx (mg/cm2)
Percentage C of particles in

channeled peak
Half-width AR (mg/cm') of

channeled peak
Probability B/(B+C) of de-

channeling
Atomic spacing (d) along the

surrounding rows
Distance from surrounding rows to

channel axis
Number of surrounding rows
Relative mean electron density

along midchannel~

(100)

2.02
63%%u()

0.29~0.02

0.27&0.04

t/2

1.00

1 ' 91
75%%u()

0.14~0.01

0.17~0.03

vSl/2

vS/3

3
1.10

(110)

1.75

0.90+0.05

4
1.26

{110{

1.77

0.78&0.04

~ ~ ~

1.57

a Reference 14.

channeled beyond 80% of Em is only 0.092+0.008
'

m~

(100) axis is 0.60+0.04. A similar difference between
planar and axial channeling has b be, 0, and Cl ions in tungsten crystals, ' and
also for lighter particles at MeV energie ' ' . 8,

Piercy et a/. 13 found no evidence of a planar effect for

is, perhaps, is not too surprising; their crystal align-
ment was certainly no better than ~1',

e main (110) axis they observed that the fraction of
particles penetrating beyond 80%%u f R
0.005. In. In our experiments, planar channeling is clearly

detectable down to the low
k V.e . The lanar eff

e owest energy studied viz. 70

p ect has also been observed with
7

" ions—a projectile that in comparison to K" has
fairly poor channeling properties.

eters
e will now consider how th he c aracteristic param-

e ers o a channel affect the ran d' t 'be is 11 utlo11.
a e compares the experimental values of the

maximum ran e R thee percentage of particles in the
c anneled peak. , the half-width of th h anneled peak

e probability of dechanneling for 500-keV
ions in the variovarious main axes and in the I 110 lane.
The table also gives in terms f th ls o e attice spacin l the
spacing of the atoms in th t surro
the channel and the di

e a omic rows surrosurrounding
an e istance from the atomic rows to
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FIG. 3. The integral range dis-

alon
tribution of 550-keV K4' lons
a ong the {110{plane in tungsten.
Distributions along the (100) di-
rection and along a typical random
direction are included for com-
parison.
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wGG. R. Plercy, M. McCargo, F. Brown, and . A. Davrown, an J. A. Davies, Can. J. Phys. 42, 1116 |',1964).
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the midchannel axis, the number of rows constituting
the channel and, in relative units, the estimated mean
electron density along the midchannel. Electron den-
sities have been calculated" by means of I indhard's
standard potential. '

The oscillating Z~ dependence in Fig. 7, Paper I,
clearly demonstrates that R does rot bear a simple
quantitative relationship to the mean electron density

p along the midchannel, and also that the difference
in R between various directions is unusually small
for potassium ions. Nevertheless, Table I shows that
the R values decrease as p increases.

Particles can be prevented from remaining channeled

by several mechanisms. We have already noted that
if a particle enters the crystal within a certain critical
impact parameter r;„ofa close-packed row (or plane),
it will immediately be removed from the aligned beam.
The fraction of particles LA in Fig. 2(a) j scattered in
this way will thus be given by E)&d&(xr;„', where E
is the number of tungsten atoms per unit volume and
d is the atomic spacing along the particular close-
packed row. Within experimental error, the propor-
tionality to d is fulfilled for the crystal axes investi-
gated, yielding a value of r; 0.45 A. at 500 keV.

Region A in Fig. 2(a) may also contain a few par-
ticles that were initially channeled but have then been
rapidly scattered out of the aligned beam. This con-
tribution, of course, cannot be measured, but the
relative areas of A and 8 indicate that no more than
3—4% are involved, hence the r; value given above is
at most about 15% too high. The critical impact param-
eter will be discussed in more detail in Subsec. D.

As a measure of the steering, or rather the lack of
steering, we consider the probability 8/(8+C) of a
channeled particle being scattered out of the aligned
beam (i.e., becoming dechanneled) during its slowing
down. These values are also included in Table I; within
experimental error, we observe a linear dependence on
d. As several different scattering processes are involved,
and as the effects are cumulative over the whole slow-
ing-down process, a quantitative discussion will not be
attempted. It is interesting to note, however, that the
predicted effect of thermal vibrations would also vary
linearly with d.' Our experiments suggest that, for
directions with an interatomic spacing 1.5l, the
probability of a particle remaining channeled through-
out most of its path is essentially zero. It is shown in
subsequent sections that the rate of dechanneling is
very sensitive to increased temperature, damage, mis-
alignment, and surface contamination, as one might
expect. In this connection, we may note that the differ-
ence in channeling behavior between tungsten and gold
(as suggested in Paper I, Sec. 1.D) is due not only to a
big difference in the rate of dechanneling, but also to a
difference in the path lengths (i.e., the R values)
over which dechaiineling can occur.

'4 H. K. Schigtt (private communication).

The integral range curves in the (100) and the (111)
directions intersect twic" around the 0.3 and the 10 3

levels. " The first of these intersections is the more
significant one, and arises from the fact that, although
the number of channeled particles is higher in the (111)
direction, their maximum range (due to the increased
electron density) is somewhat smaller than in the (100)
direction. The other intersection at the 10 ' level
supports the conclusion (see Sec. 4, Paper I) that the
level of the so-called supertail is proportional to the
number of channeled particles approaching R,„and
therefore should be higher in the (111) direction.
Another intersection (around the 0.7 level) had been
observed in some of the previous runs, ' but is not
significant in the present work. It was probably an
artifact arising from the less precise orientation avail-
able at that time.

The shape of the channeled peak, especially in the
(111) direction, agrees qualitatively with simplified
considerations based on Lindhard's "string theory. '"
In this picture, the width of the peak arises mainly
from the fact that the channeled particles do not all
enter the crystal exactly at the center of the channel,
and hence acquire some transverse kinetic energy. Such
particles encounter a somewhat larger average electron
density, and hence a slightly larger stopping power than
the perfectly channeled ones. Scattering effects also
may contribute significantly to the observed width on
the slope closer to the surface: For example, a potassium
ion injected at 500 keV in the (100) direction could be
scattered out of the channel after slowing down to
~100 keV, and yet would still end up within the ob-
served channeled peak.

It can be shown that, for perfectly channeled par-
ticles (i.e., those moving exactly along the midchannel
axis), neither the electronic straggling nor the nuclear
straggling (see Sec. 2, Paper I) is large enough to
produce a relative peak width greater than 1%. Since
the observed width even for the (111) distribution is
at least 8%, it is evident that the straggling contribu-
tion from the perfectly channeled particles is negligible.

C. Surface Oxide EBect

Figure 4 shows integral-range curves for 500-keV K4'
ions in the (100) direction, obtained with progressively
thicker anodic oxide Glms on the surface. The curve at
0 V is a reference curve with a "clean" surface (i.e.,
&10 A of oxide). Curves at 10 and 20 V correspond,
respectively, to about 100 and 200 A of amorphous
WO3. The effect of the surface oxide layer is appreciable,
but is not as drastic as at lower energies (see Fig. 12,
Ref. 2). The 100 and 200 X layers transmit 99.2 and
97.7% of the total beam; however, the total number of
channeled particles (8+C) in the underlying W
decreases from 88% for the reference curve to 58 and
30%, respectively, in the oxidized crystals. At the same

"See Ref. 1, Fig. 1(a) and Ref. 2, Figs. 3 and 4.
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critical angle P& predicted by Lind-
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applying an r ' potential" to estimate the angular
width of the Gaussian distribution, we obtain a multiple
scattering angle of 4'&0.5'. This also agrees reasonably
well with the experimental and theoretical results given
in Fig. 5(b).

The most direct way to obtain the critical angle is to
measure a series of range distributions with the crystal
tilted at diGerent angles, but this would be an extremely
time-consuming experimental procedure. A few such
experiments at 500 keV indicate a critical angle of
2'—2.5' for reducing the number (8+C) of channeled
partic1es by a factor of 2.

' J. Lindhard, M. Schar6, and H. E. Schig/tt, Kgl. Danske
Pidenskab. Selskab, Mat. -Fys. Medd. 33, No. 14 (1963).

In surlnnary, we find that at 500 keV the critical
angle for channeling along the (100) direction is of the
order of 3'~1', and that, over the energy region
studied, this critical angle decreases only slowly with
increasing energy. Both the magmtude of f and its
weak energy dependence agree roughly with theoretical
predictions.

E. Dependence on Increased Temyerature

Figure 6 shows the eGect of increased temperature
on the differential range distribution of 500-keV K4'

ions in the (111) direction. The number of particles
C in the channeled peak at 525'K is about a factor of
2 less than that at room temperatur~™ due, presumably,
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to the increased scattering arising from the larger
vibrational amplitude (the root-mean-square displace-
ment is increased from 0.085 A to about 0.115 A") . As
one might expect, there is no signi6cant change in the
fraction of particles in the random peak. Figure 6 also

shows that R,„decreases by less than 3%, which is
just about the accuracy of the experimental method.
This negligible temperature effect on E is not sur-
prising, since, as shown in Paper I, electronic stopping
is the dominant mechanism of energy loss for perfectly
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9 K. Lonsdale, Acta Cryst. 1, 142 (1948).
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channeled particles in %. In order to establish the
temperature independence of R,„,measurements over
a wider temperature range would be desirable. Un-
fortunately, suitable cryogenic apparatus was not
available; hence, low-temperature bombardments with
precise orientation could not be made.

F. Dependence on Bombardment Dose

One of the most interesting aspects of these range
measurements is the possibility of introducing, at a
well-defined depth (0.1—3 p) beneath the surface, a
sharp distribution of foreign atoms. This feature offers
interesting applications in various solid-state studies.
Therefore, in order to investigate the bombardment
dose at which the channeled peak starts to disappear,
one of the stable isotopes (K4') was injected at 500 keV
in the (100) direction, followed by a trace bombard-
ment of K4' ions at the same energy and alignment. The
result is shown in Fig. 7. It is evident that, at doses up
to at least 3&& 10" atoms/cm', the distribution has not
been drastically affected. There is still a clearly defined
channeled peak containing about 40% of the injected
potassium ions, and therefore corresponding to a potas-
sium concentration of roughly 0.1 at.%.

Also shown in Fig. 7 is the distribution with a tenfold
increase in dose. This bombardment was carried out in
the sequence STSTSTS, where S stands for the K4'

isotope and T for the radioactive tracer K4'. We observe
that the distribution has now changed markedly. The
original channeled peak contains only about 4% of the

injected activity; and presumably most of this arises
from the first trace bombardment stage. Hence, after
a dose of ~10"atoms/cm', only a very small fraction of
the beam can still penetrate to the R,„region. Note,
however, that the range distribution is still dominated

by channeling effects, and that the most probable range
of the broad peak is at least twice the amorphous range.

Figure 7 shows that R, is almostindependentof the
prebombardment. In fact, considering the very heavy
stable doses used here, the effect on the range dis-
tributions is surprisingly small.

Figure 8 shows the result of a very intense prebom-
bardment (~10" atoms/crn'). In this case, K" ions
were injected at lower energy (150 keV) and in a ran-
dom direction. The K4' ions were then introduced at
500 keV in an aligned (111)direction. The region af-
fected by this prebombardment is of the order of 1000 L,
and the dose is sufFiciently high to attain a "saturation"
distribution of the K" atoms. It is therefore not sur-
prising to find that the range distribution is altered
drastically. However, comparison with the differen-
tiated version of Iig. 4 shows that roughly 200 A. of
amorphous tungsten oxide (or 100 A. of amorphous
tungsten) is enough to produce about the same effect.
This would indicate that the bombarded region is still
a reasonably good crystal, and that therefore most of
the radiation damage has annealed out at room tem-
perature; it would also suggest that most of the injected
K" atoms are not occupying interstitial sites as was also
concluded in the earlier work by Kornelsen et al.' Fur-
thermore, if we correct for the increased stopping power
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of the damaged surface region, we again 6nd that E
is abnost una6ected by the prebombardment.
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The energy losses of ions channeled through GaAs, Ge, and Si were compared. The average number of
electrons per atom participating in the stopping of channeled particles is about the same for elemental Ge
and partially ionic GaAs. The number of electrons per atom participating in the stopping of channeled
hydrogen ions is less for Si than for Ge or GaAs. Axial and planar channeling are discussed. The energy
losses of axial channeling appear to be characterized by the energy losses of the plane having the largest
interplanar spacing in the axial intersection. A much larger fraction of the incident beam undergoes channel-
ing when the beam is incident along an axial intersection than when the beam is along a plane of the inter-
section. Comparison of energy losses of H+ and D+ shows that the mass dependencies of the minimum
energy losses in channeling can be correlated simply with a velocity-dependent function. Velocity is, there-
fore, the important parameter in the slowing down of channeled ions within a given host lattice. The analyses
of the data give evidence that an equation of the same form as the Bethe equation accounts for the minimum
energy losses of channeled particles.

INTRODUCTION

r THIS paper describes a study of energy losses of
protons and deuterons channeled by single-crystal

Ge, GaAs, and Si, and shows the importance of direc-
tional e6ects on the interaction of incident charged
particles with solids. Until recently, theories of energy
loss, while adequate for amorphous solids, did not ac-
count for the orientation dependence of charged-particle
interactions with crystalline solids. These directional
eGects of crystal lattices on charged particles are prov-
ing to be a useful tool for probing crystalline solids.
Applications of these phenomena and techniques are
already being extended to semiconductor devices such
as solid-state detectors, solar cells, and ion implanta-
tion. An earlier paper reported our initial observations
of channeling in Ge.' A preliminary account of the
comparison of the energy losses of channeling for Ge,
GaAs, and Si has already been given. '
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