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D. Covalency

The introd. uction of covalency (y) 0) tends to unpair
the 2pa electrons on the fluorine ions and to pair the
hydrogen electron. Therefore the effect on the hyper-
fine constants is simply to reduce 8 and increase b. a is
affected only through the normalization constant and,
for small y, does not change.

Table IV shows the effect of y on the hyperfine con-
stants in the Heitler —London model. If we assume that
y changes proportional to S as the shift of Ag with
pressure implies, "then there is no effect on the pressure
derivatives. We have chosen y= 0.03 to fit the measured

g shift at room temperature. "
IV. CONCLUSIONS

It is possible to understand the values of the various
hyperfine constants and their shifts with pressure and

temperature on the basis of the simple Heitler-London
model if local vibrational modes, lattice dilation and
charge transfer are also considered. However, a more
realistic calculation which solves the Hamiltonian for
the complete many-electron system is clearly called for.
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Range Measurements in Oriented Tungsten Single Crystals
(0.1-1.0 MeV). I.Electronic and Nuclear Stopping Powers*
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Range distributions of Na', P", K' Cr", Cu 4, Br", Kr", Rb", Sb"', Xe"', Xe"', W"~, and Rn"' ions in
the energy region 0.1-1.0 MeV have been measured in oriented tungsten single crystals by means of the
electrochemical peeling technique. Wide-angle scattering of protons has, in some cases, been used to align
the crystals to within ~0.1'. The range distrubutions consist of two peaks —a broad one at approximately
the depth predicted for an amorphous target, and a sharp one at a much larger depth. The latter, caused by
channeling, falls off very sharply on the more penetrating side. This well-de6ned paximum range has approxi-
mately an E"' dependence, characteristic of electronic stopping. From range-energy relations, electronic-
stopping cross sections are derived at a constant velocity of 1.5X10e cm/sec. The electronic stopping is
roughly, of that predicted for amorphous tungsten, but exhibits a strongly oscillating dependence on Z&.

These Z& oscillations are much larger than those reported previously in amorphous foils. Alto, the range
dispersion between the (100) and (110) directions exhibits an oscillating ZI dependence. For perfectly
channeled Xe ions along the (100) directions, electronic stopping is shown to dominate down to a few keV.
The contributions from nuclear and electronic stopping become equal at about 4 keV, whereas the cor-
responding transition energy in amorphous tungsten would be ~2.5 MeV. The nuclear stopping contribution
can be 6tted theoretically by means of the momentum approximation down to ~0.5 keV. It is shown that,
under certain conditions, range measurements in monocrystals provide information about amorphous ranges
that is otherwise dificult to obtain. Good agreement between experiments and theoretical predictions is ob-
tained. The present experiments also provide some information on the highly penetrating tail (supertail),
earlier reported in tungsten. For comparison, a few range distributions have been measured in aluminum
single crystals. The observed behavior is similar to that in tungsten, but the channeling is much less pro-
nounced.

INTRODUCTION

EVERAL years ago, computer studies' —' predicted
that heavy ions of keV energies would penetrate

to anornalously large depths along low-index crystallo-

*A preliminary report of part of this work was presented at
the Conference on Electromagnetic Isotope Separators and Re-
lated Ion Accelerators, and their Application to Physics, Aarhus,
1965 [Nucl. Instr. Methods 38, 245 (1965)j.

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

g Permanent address: Chalk River Nuclear Laboratories, Re-
search Chemistry Branch, Chalk River, Ontario, Canada.

I M. T. Robinson and O. S. Oen, Phys. Rev. 132, 2385 (1963}.' M. T. Robinson and 0. S. Oen, Appl. Phys. Letters 2, 30
(1963).' J. R. Beeler and D. G. Besco, J. Appl. Phys. 34, 2873 (1963).

graphic directions. Experimental evidence suggesting
the existence of this channeling phenomenon came from
range measurements in polycrystalline aluminum4 and
tungsten, ' in which it was observed that a considerable
fraction of the injected ions.penetrated to larger depths
than could be explained on the basis of randomly dis-
tributed target atoms. Measurements in amorphous
anodic oxides,"on the other hand, showed no such
penetrating component. Subsequently, the channeling

4 J. A. Davies, F. Brown, and M. McCargo, Can. J, Phys. 41,
829 (1963).

e M. McCargo, J. A. Davies, and F. Browri, Can. J. Phys. 41,
1231 (1963).

B. Domeij, F. Brown, J. A. Davies, and M. McCargo, Can.
J. Phys. 42, 1624 (1964).
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effect on heavy ions was much more clearly demon-
strated by range measurements in monocrystalline tar-
gets—aluminum, ~ tungsten, 9 ' copper, "and silicon. '~:

The paper by Kornelsen et ul. ' presented quantita-
tive data on channeling in monocrystalline tungsten;
it also showed the existence of a highly penetrating
tail (supertail), containing about 0.1'Po of the injected
ions. The inhuence of various parameters on these two
effects was investigated. It was observed that, ignoring
the tails, the channeled part of the distribution was
characterized by a rather sharp fall-off, and that the
muximlm range introduced in this way approached an
2'I' dependence at higher energies (see Fig. 7, Ref. 10).
It was also seen that the channeled particles formed a
"bump" on the most penetrating side of the distribu-
tion. In the case of 40-keV Ar" in the (111)directions,
this "bump" actually formed a small second peak in
the distribution curve. These observations suggested
that electronic effects play a dominant role in the
stopping of channeled particles. Since the importance
of nuclear stopping decreases with increasing energy,
whereas the contribution from electronic stopping in-
creases, it seemed worthwhile to extend the range-
distribution studies in tungsten to higher energies. The
present work therefore is an extension of the earlier
experiments by Kornelsen ef, al. to higher energies, a
greater variety of projectiles, and better crystal align-
ment. The main emphasis in the present paper (paper
I) has been to measure electronic-stopping powers for
channeled ions; a detailed study of the channeling
mechanism is contained in paper II."

By measuring maximum ranges at different energies,
stopping powers for channeled atoms can be readily
obtained. Electronic-stopping powers for various projec-
tiles (11(Zt(86) at constant velocity in different
crystallographic directions are presented in Sec. 1.

By reinvestigating range data at low energies for Xe
in tungsten, ' it is possible to get information also about
the nuclear stopping of a well-channeled ion. This anal-

ysis is presented in Sec. 2.
Section 3 contains some data on amorphous ranges

in tungsten at higher energies, derived from the un-
channeled peak in the range distributions.

The small, extremely penetrating supertail has not
been the subject of the present investigation; in fact,
its existence was more of an annoyance in some cases,
as it tended to obscure the sharp fall-off of the channeled

7 G. R. Piercy, F. Brown, J. A. Davies, and M. McCargo,
Phys. Rev. Letters 10, 399 (1963).

8 G. R. Piercy, M. McCargo, F. Brown, and J. A. Davies,
Can. J. Phys. 42, 1116 (1964).

9 B. Domeij, F. Brown, J. A. Davies, G. R. Piercy, and K. V.
Kornelsen, Phys. Rev. Letters 12, 363 (1964).

1o E. V. Kornelsen, F. Brown, J. A. Davies, B. Domeij, and
G. R. Piercy, Phys. Rev. 136, 849 (1964).

'I H. Lutz and R. Sizmann, Phys. Letters 5, 113 (1963).
I' J. A. Davies, G. C. Ball, F. Brown, and B. Domeij, Can. J.

Phys. 42, 1070 (1964)."L. Eriksson, following paper, Phys. Rev. 161, 23$ (t967).
Referred to as paper II.

distribution. This tail was at erst tentatively attrib-
uted to dynamic effects'e'4 ("superchanneling"), but
later experiments" have shown the phenomenon to be
of a three-dimensional diffusion character, probably an
interstitial diffusion, starting after the channeled par-
ticles have come to rest. In the present work we have
not speci6cally studied the supertail, but nevertheless
some information about it is contained in our experi-
ments. A short comment is given in Sec. 4.

A few range studies have also been performed in
monocrystalline aluminum for comparison with tung-
sten. The results are contained in Sec. 5.

EXPERIMENTAL TECHNIQUE

A. GeneraI

The experimental technique is almost identical to
that used in the earlier range measurements in tungsten.
BrieQy, a tungsten monocrystal was bombarded along
a known crystallographic direction with a beam of
monoenergetic radioactive ions. The activity of the
crystal was measured, and then successive homogene-
ous layers of tungsten of known and reproducible thick-
ness were removed from the crystal by anodic oxidation
followed by chemical dissolution of the oxide (the
method is described in Refs. 5 and 10). After each
anodizing-stripping procedure, the residual target activ-
ity was measured. %hen normalized and plotted against
the total thickness removed, this provides an integral
range distribution of the radioactive atoms in the crys-
tal. By differentiating this curve, one can also obtain
the actual concentration pro6le of the embedded atoms.

B. Bombarding Facilities and Conditions

The crystals were mounted in the target chamber of
the 600-keV heavy ion accelerator at Aarhus. " This
accelerator is. furnished with a universal ion source and
the acceleration stage is followed by a 75' sector mag-
net. Energies greater than 500 keU weie obtained by
using doubly and, in the case of xenon, triply charged
beams. For energies less than 100 keV, the Aarhus
isotope separator' was utilized. The bombardment dose
generally did not exceed 10"atoms/crn'.

Tungsten is known to have only a thin oxide coating
( 10 A.) on its surface under normal conditions. Even
so, at lower energies ((20 keV) an ultrahigh-vacuum
technique had to be used in order to get meaningful
range measurements. "At the higher energies used here,
however, normal vacuum conditions were considered
sufhcient.

"C.Erginsoy, Phys. Rev, Letters &2, 366 (]964)."J.A. Davies and P. Jespersgaard, Can. J. Phys. 44, 1631
(1966).

~6 E. Bgf~h, P. Dahl, H. E. Jgrgensen, and K. O. Nielsen, Insti-
tute of Physics, University of Aarhus, Denmark, Report, 1965
(unpublished) .' K. O. Nielsen and U. Toft, Institute of Physics, University
oi Aarhus, Denmark, Report, 1965 (unpublished).
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TABLE I. Description of the selective counting experiments.

Isotopes
injected

KH
Rbse

Main decay

10.6 yr 99% 0.672-MeV P ~ground state of stable Rbss
36 h 100/o 0.444-MeV P=&excited state in stable Krl

10.6 yr see above
19 d 91% 1.777-MeV P, 9% 0.696-MeV P -+stable Srl

Detection

P
p (with absorber)

18h 100% ~~excited states in 60d 9" (strong 0.243-MeV v, y (excess„ lower
0.188-MeV y - ~ ) level)

5.3 d 99% 0.347-MeV P=+99% 0.081-MeV y in stable Cs'" y (channel)

k factors

(0.47&0.04) X10 '
7.04+0.07

0.0124~0.0006
4.33~0.15

0.105~0.001

0.0108+0.0004

C. Orientation of Crystals

In all the earlier range studies, the crystals were
oriented by x-ray diffraction methods, with an angular
uncertainty of at least &1'. In the present work. , since
a high degree of angular orientation was often desirable,
we have used wide-angle scattering of protons to align
the crystals to within 0.1' of any desired orientation.
(This simple orientation technique is described in Ref.
18.) After such an alignment, the crystal was bom-
barded in situ with the desired radiotracer via the same
collimating system.

The integrated proton dose never exceeded 10 pC,
and hence should not introduce an appreciable amount
of hydrogen or of radiation damage into the lattice.
To prevent significant amounts of hydrogen accumu-
lating from successive runs on the same crystal, a layer
of tungsten somewhat greater than the range of the
400-keV protons used (viz. 4 mg/cm') was periodi-
cally etched away.

At these higher energies, we find that the actual
range distribution is very sensitive even to small mis-
orientations. Figure 4, Ref. 19, for example, shows how
even a 0.88' misorientation from the (100) direction
drastically changes the integral range distribution of
500-keV Xe ions. Further experiments have shown that,
in order to obtain quantitatively significant channeling
distributions of heavy ions, the desired crystal axis
must be aligned with the ion beam to within one or
two tenths of a degree. In previous channeling studies,
this condition was not usually fulfilled.

D. Projectiles and Crystals

Different radioactive ions (Na" P" K" Cr" Cu"
Br" Kr" Rb" Sb"' Xe"' Xe"' W"' and Rn"')
have been injected along the (100) and (110) direc-
tions of tungsten crystals and, in a few cases, along
the (111)directions and the {110I planes. Three differ-
ent crystals, cut respectively with the (100), (110),
and (111)directions close to the surface normal, have
been used in all the experiments. These crystals were
described in Ref. 10.

's J.U. Andersen, J. A. Davies, K. O. Nielsen, and S.L. Ander-
sen, Nucl. Instr. Methods 38, 210 (1965)."J.A. Davies, L. Eriksson, and P. Jespersgaard, Nucl. Instr.
Methods 38, 245 (1965).

E. Counting

The activity was normally followed down to 10 '—
10 4 of the initial counting rate, which was ~10'
counts/min.

Most of the radiotracers used were p emitters; a 2s.
flow-type proportional p counter (dead time 5X10 '
sec) has been used a,s detector because of its high effi-

ciency and low background. For the penetration depths
involved in these range studies (1—6 mg/cm'), the
scattering and absorption contributions to the observed

p counting rate are constant to within &3% in most
cases, and could therefore be neglected. In the case of
p emitters, a NaI crystal was used.

F. Isotope Selective Counting

In order to determine accurately the small diGer-
ences in maximum range between neighboring heavy
elements (Br—Kr and Kr—Rb), pairs of range distribu-
tions have been measured simultaneously. To do this,
the two radioisotopes were injected into the crystal in
successive bombardments, and then the individual range
distributions were measured simultaneously by isotope
selective counting. Both bombardments were carried
out with the same alighment and beam energy. Since
in these experiments we had to use a somewhat larger
dose than usual, the bombardments were normally
carried out in several stages (e.g., Br"—Kr '—Br"—Krs'—
Brs') in order to average out any small dose effect
that might occur. The same technique has also been
used in studying the effect of misalignment (Fig. 4,
Ref. 19) in which Xe"' and Xe"s ions were alterna-
tively injected at diGerent angles, and also to show the
nonexistence of an isotope eGect.

Table I summarizes how our selective counting has
been performed. The k factors are obtained by count-
ing pure test samples in polycrystalline foils; they give
the fractional counting rate of each isotope in the
channel set for the other isotope. This enables the two
distributions to be deduced accurately from the ob-
served data. Previously, Ball and Brown" have used
selective counting to obtain simultaneously Xe"' and
Cs"4 distributions in tungsten at 40—125 keV. As pointed

"G. C. Ball and F. Brown, Can. J. Phys. 43, 676 (1965).



222 ERIKSSON DAA VIE S, AND JESPERSGAARD

I.O
TR I BUT10 NS

IO'—

I-) IO
I-
O

K
D
I-

K
IO

IO 0
I

0.5
I

I.O
I

l.5
DEPTH (mg/cm~)

I

2,0

SUPERTA I L

I

2.5 5.0

IOOO I

(b) DIFFERENTIAL DISTRRl BUTIONS

N
E
CP

IOO—

I

CL

~O

z0
I-
K
K
DR
O

IO

RAND

/
/

/

cl00&

RANGE IN AMORPHOUS

TUNGSTEN

I

I

2.0
I

2P
I

I.5
DEPTH (mg/cm&)

I

i.0
I

0.5

FIG. 1. Ran
' ' ' 4'

KO

ange distributions of 500-ke
iR'erential distribution

- e K4' ions along the 100,
ri utions. The crystal has hee hg d to ~0.1' b — eriny wide-angle scatterine ng o protons. Stat'

o e
' ', s a istical errors fall 'th'wi in the width



ORIENTED W SINGLE CRYSTALS (0. 1 —1.0 MeV). I 223

out by them, the fact that the range distributions fall
oB' rapidly near the maximum range means that even
a 5% difference in maximum range will cause one of
the radiotracers to completely disappear, while a sig-
nificant amount of the other one is still present (see,
for example, Fig. 6).

1. ELECTRONIC STOPPING OP
CHANNELED IONS

A. Stoyying Mechanisms

Two processes are responsible for the stopping of a
slow heavy ion: elastic encounters with atoms as a
whole (nuclear collisions), and inelastic encounters in
which energy is transferred to electrons as excitation
and ionization energy (electronic collisions) . Normally,
these two processes are treated as uncorrelated. " "

Ordinarily, for a given projectile and target, the
energy alone determines which stopping process pre-
dominates; however, in a single crystal, as will be seen,
the trajectory of the particle can be equally important.

At sufficiently high energies, the loss to atomic elec-
trons always predominates, and the Bethe-Bloch for-
mula applies. The stopping cross section increases with
decreasing energy and reaches a maximum at a velocity
of the order of a~=no)&Z~'I', where vo is the Bohr veloc-
ity and Z& the atomic number of the incoming particle.
For potassium and xenon beams, v& corresponds to
energies of about 50 and 650 MeV, respective]y. In
the velocity range 0(v(s& (i.e., in all the cases studied
here), the electronic stopping should be roughly pro-
portional to velocity. '3' Nuclear stopping, " on the
other hand, exhibits a maximum at very much lower
energies, and then decreases with increasing energy.
In amorphous tungsten the energy at which the elec-
tronic and nuclear stopping should be equal is 0.24 MeV
for potassium and 2.7 MeV for xenon. Below these
values, one ordinarily cannot measure the electronic
stopping because of the large nuclear-stopping contri-
bution. In a single crystal, however, the nuclear stop-
ping encountered by a perfectly channeled atom is so
much suppressed that electronic stopping can be the
dominant process down to much lower energies.

B.Evidence of Electronic Stoyying

Figure 1 shows integral and differential range distri-
butions of 500 keV K4' ions along the (100), (111),
and (110) axes. Unlike the lower-energy results, each
differential distribution consists of two distinct peaks.
The one closer to the surface occurs at approximately
the depth predicted for amorphous tungsten, and pre-

2~ N. Bohr, Kgl. Danske Videnskab. Selskab, Mat. -Fys. Medd.
18, No. 8 {1948}."J.Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961)."J.Lindhard, M. Scharff, and H. E. Schigtt, Kgl. Danske
Videnskab. Selskab, Mat. -Fys. Medd. 33, No. 14 (1963).

'40. B. Firsov, Zh. Eksperim. i Teor. Fiz. 30, 1517 (1959)
)English transl. :Soviet Phys. —JETP 9, 1076 (1959)g.

TABLE II. 8, values in monocrystalline tungsten.
Typical errors 5%.

Ion
Energy
(kev~

Maximum range (mg/cm')
(100) (110)

Na'4

P32

CP'

Cu"

Sb122

Xe'"

ypsv

Qn222

40
80

150
200
300
400
500

300
500

40
70

150
300
500
900

70
150
200
300
400
500

200
400
500

20
40

200
450
900

250
500

1000

20
40
80

160
400
500

1500

50

100

1.35.
1.95
3.00
2.75
3.80
4.30
4.70

2.30-2.40
3.30

0.47
0.67
1.07
1.53
2.02b
2.70

0.64
1.02
1.48
~ ~ ~

1.83b
2.02b

3.6-3.8
5.2
5.8b

0.41~
0.64.
1.95
3 ' 13
4.70

4. 15
6.40
8.60

0.39~
0.70~
1.13~
1.90»
3.10
3.60
6.40

0.63

1.6

~ ~ ~

1.35
2. 10
2.30-2.50
~ ~ ~

3.20
3.60

2.05
2.75

0.39
~ ~ ~

0.95
1.33
1.75b

0.50—0.56
0.83
1.03
1.30
1.60
1.90

2.8
4.2
4 5b

0, 25~
~ ~ ~

1.65
2.80
4.15

2.20
3.45
5.20

0.22a
0.41s
0.76.
1.28
2.20
2.70
4.50

1' From Ref. 10.
b Mean valu-

sumably corresponds to particles that are scattered out
of the aligned beam as they enter the crystal. This
scattering may arise partly from various imperfections
such as a surface oxide layer; however, even in a per-
fect lattice, a significant part of the beam will enter the
crystal close enough to an atomic row to be immediately
deQected out of the aligned low-index direction. Such
particles undergo normal stopping (which at these en-

ergies would be mainly due to elastic nuclear collisions) .
The channeled particles forming the second peak have
evidently maintained their alignment with the low-
index direction throughout most of their path in the
crystal; hence, they experience a lower rate of energy
loss and a correspondingly larger range.
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Nuclear stopping depends strongly on the impact
parameter, and therefore would give channeled atoms
a rather broad range distribution: For example, a per-
fectly channeled atom would have a much longer range
than one oscillating around the midchannel axis. Elec-
tronic stopping, on the other hand, is expected to vary
only slowly over the central region of a channel and
hence all channeled particles would have similar ranges.

Consequently, the occurrence of a rather sharp peak
indicates that, for the channeled atoms, electronic stop-
ping is the dominant mechanism of energy loss.

In our experiments, channeled particles penetrate
several thousand atomic layers before they are stopped.
Some particles, therefore, start with a channeled tra-
jectory but, because of scattering effects (impurities,
defects, thermal vibrations, etc.), they are subsequently

TAnzz III. Experimental values oi S, and p at s =1.SX108 cm/sec.

Ion E(lreV}

S.
$10 '4 eV cm'/atom)

(100) (110) (100) (110)

Na'4
P32

K42

Cr l

Cu~
Br
Kr85

Rb'~
Sb»
Xel33

Csl34

Rn222

280
370
490
590
750
960
990

1000
1420
1550
1560
2580

4.8~0.3
6.4~0.4

15.0~0.6
14.2+0.9
6.4&0.7
8.9.

10.2~0.5
11.7~

8.6&0.8
14.0&0.7
16 5s
11 ~3

6.5&0.4
7.8w0. 4

17.3&0.9
13.9+0.8
8.1~0.8

11.1~

13.2&1.3
15.2~

13.7&1.0
20.5~1.0
24.2a

0.50+0.05
0.38~0.08
0.48~0.03
0.42~0. 03
0.50~0.05

0.40+0.05

0.52~0.03
0.50a0.05

0.50~0.05
0.40&0.05
0.50~0.03
0.35~0.05
0.50~0.05

0.45~0.05

0.45&0.05
0.50~0.05

~ Measurements by the isotope selective counting technique.
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Fzo. 3. Experimentally derived
values of the total stopping cross
section (open circles) versus en-
ergy for perfectly channeled Xe
iona along the (100) direction in
tungsten (below 100 keV, range
data are from Ref. 10).The dotted
line is an extrapolation of the
electronic contribution to lower
energies. Crosses indicate the nu-
dear stopping obtained by sub-
tracting the extrapolated elec-
tronic stopping from the measured
total values.
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scattered out of the channeled beam. These particles
contribute to the region between the first and the second
peaks. If the fraction dechanneled is large, as for the
poorer (110) direction, the first or "random" peak is
not clearly resolved Lsee Fig. 1(b)j. Occasionally, a
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small third peak is observed in the range distribution

t e.g. , the (111)curve in Fig. 1(b) g; its significance is
not clear.

' A more direct con6rmation that electronic eGects
dominate the stopping of channeled particles is ob-

FIG. 4. Ranges versus energy
for K4' ions along the (100) direc-
tion in tungsten. R (where x is in
percent) is de6ned as the depth
beyond which x% of the injected
ions penetrate. For K4', R0.1 is a
good approximation to the maxi-
mum range R, )see Fig. 1(a)g.
The most probable range of the
channeled peak is also shown. For
comparison, experimental values
of the projected amorphous range
have been included (see Sec. 3).
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tained by studying the energy dependence of the most
penetrating part of the incident beam. As can be seen
in Fig. 1, the measured distributions all have a very
sharp cutoff and we therefore introduce the concept
of a maximum range R,„.It seems reasonable to associ-
ate 2 with the range of the most perfectly channeled
part of the incident beam. As is shown in Ref. 13,
R, is a rather useful experimental parameter —its
value is almost independent of the surface oxide thick-
ness, of damage effects, of slight misorientation, and
even of lattice temperature. On the other hand, the
mlmber of particles approaching this maximum depth
is found to be quite sensitive to all these factors.

(Note that the supertail mentioned earlier has been
disregarded in the present discussion. )

A preliminary study of the energy dependence of
R, (measured at 0.1'P~ residual activity) for Xe in
tungsten was given in Ref. 19, Fig. 2. Similar measure-
ments have now been made for a series of other projec-
tiles (Table II) and a few typical cases are illustrated
in Fig. 2. In all cases, an approximate E'~' dependence,
characteristic of electronic stopping, is observed. This
can be seen more clearly in Fig. 3 in which the total
stopping cross section 5, derived by differentiating the

„-versus-E curve, is plotted as a function of 8'~'.
One 6nds that the linear relationship for electronic
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1.0

FxG. 6. Integral range distribu-
tions of 200- and 450-keV Kr and
Rba ions along the (100) and
(110) directions in tungsten, ob-
tained by isotope selective count-
ing.
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TABLE IV. Maximum ranges of Br ' and Rb86 relative to Kr~.

Ion B{keV)

Range increase relative
to Kr85 ~

(100) (110)

Brss

Rbse

200
450

200
450

+13.6 jo
+j.3.8Fo

13.7'Fo

2'2'

~ ~ ~

+1&%~3'Po

jo—&2 7/o

~ Maximum ranges for Krgs are given in Table II.

stopping"'4 is in fact maintained down to extremely
low energies. The nuclear-stopping contribution (ob-
tained by extrapolating this linear region, and then
subtracting it from the total measured stopping) does
not predominate until E(4 keV. In amorphous tung-
sten, on the other hand, the transition to nuclear stop-
ping occurs at much higher energies, viz. around 2.7
MeV for Xe. Hence, the channeling process enables
electronic stopping to be studied in an energy region
where normally it wouM be completely masked by the
nuclear stopping.

A more detailed discussion of the elclear stopping
contribution is contained in Sec. 2.

At this stage, it is perhaps important to point out
that, because the integral range curve falls oG so
sharply, these derived stopping cross sections are rela-
tively insensitive to the experimental method of defin-

ing R, . Figure 4 shows the energy dependence of
various types of range for K4' ions injected along the
(100) direction. In this case, it is evident that even
the median (i.e., 50/~) range has almost an E'ls de-

pendence. Furthermore, it can be seen that the vertical
displacement between the curves is very small. Conse-
quently, the derivation of the electronic stopping power
does Dot depend appreciably on how R is dined.

C. Electronic Stopping Powers

By differentiation of an R, -versus-E curve the
stopping power, S=(1/E)hZ/hR, for the perfectly
chmweled beam is obtained. Since, as discussed above,
the nuclear-stopping contribution is negligible, S can
be directly equated to the electronic stopping S, of a
channeled atom.

In comparing cross sections for various channeled
projectiles, it is convenient to keep the velocity e con-
stant, as the electronic stopping should be approxi-
mately proportional to the velocity. For this purpose
we have chosen tt=1.5&&10s cm/sec, corresponding to
8/5p= 0.69. Figure 5 compares the results for various
projectiles along the (100) and (110) directions, and
includes also the theoretical predictions applicable to
a random stopping medium, "'4 and to a perfectly
channeled atom. " Table III lists the energies corre-
sponding to our choice of e and the measured values
of 5,.

In most cases, the measured range —energy curve
overlaps the value corresponding to n= 1.5&& 10s cm/sec.
Slight extrapolation has been necessary for Cr", Cu",
and Sb"' In the case of Rn"' a much longer extrapola-
tion was required and hence its error bar in Fig. 5 is
much larger. The data for Br and Rb have been deter-
mined relative to Kr with considerable accuracy, using
the selective counting procedure described in the previ-
ous section on experimental technique. Table IV sum-
marizes the results of these experiments, and Fig. 6
shows a set of typical range curves.

The values for Cs in Fig. 5 are deduced from the
work of Ball and Brown. ' In measurements at 40 and
125 keV, they observed that R,„ is 15-20% smaller
for Cs than for Xe. Assuming that the same range—
energy relation holds for both elements, this wouM
indicate a 15—20'jg~ higher electronic stopping power
for Cs—as shown in Fig. 5.
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It is tempting at these higher energies to draw a
straight line through the experimental point;s (Fig. 2),
and thus 6t the stopping powers to an equation of the
form S,~ E".According to theory, p should be around
0.5; the values obtained in the present work (Table
III) are mostly within experimental error of this pre-
dicted energy exponent.

D. Discussion of Electronic Stopping Powers

Two main features in the above results should be
noted:

(i) The observed S, values (Fig. 5) are roughly one-

third of the predicted values for amorphous tungsten.
(ii) The data cannot be fitted quantitatively to the

existing theories"' by a simple scaling factor, but
oscillate around a "mean curve" by as much as 50%.

Lindhards theoretical prediction of the electronic

stopping power Qts the experimental data in amorphous
foils" "reasonably well, but gives much higher values
than those observed here for channeled atoms. The
observed reduction in the electronic stopping power
for the channeled beam is presumably due to the de-

creased electron density it encounters. Using Lindhard's

potential, " the electron density p along the middle of
the tungsten (100) channel is estimated" to be about
&'0 of the mean electron density; the observed decrease
in S, is only about 3. Of course, the electronic-stopping
power is not expected to be exactly proportional to p.

"J.H. Qrmrod and H. E. Duckworth, Can. J. Phys. 41, 1424
(1963)."J. H. Ormrod, J. R, Macdonald, and H. E. Duckworth,
Can. J. Phys. 43, 275 (1965)."B.Fastrup, P. Hvelplund, and C. A. Sautter, Kgl. Danske
Videnskab. Selskab, Mat. -Fys. Medd. 35, No. 10 (1966).

' B. Fastrup and P. Hvelplund (private communication).
' J. R. Macdonald, J. H. Ormrod, and H. E. Duckworth,

Z. Naturforsch. 21a, 130 (1966).
'0 J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat. -Fys.

Medd. 34, No. 14 (1965).
"H. E. Schiptt, (private communication).

Furthermore, the trajectory of even the most perfectly
channeled ion may oscillate somewhat around the mid-
channel axis, and this would tend to increase the mean
e1ectron density encountered by the channeled par ticle.
Also, in Lindhard's treatment of the electron density,
specific effects such as conduction electrons are not
taken into account. In the case of tungsten, the large
number of such electrons might increase considerably
the electron density along the rnid-channel axis. It is
interesting to note that recent low-temperature meas-
urements in gold" indicate that the maximum range of
40-keV Xe along the best channeling direction (the
(110)) is at least twice the value observed in tungsten
along a comparable direction (either the (111) or
(100)). Electron densities calculated from statistical
models would predict roughly the same maximum
range in both metals. On the other hand, the number
of conduction electrons per atom is much smaller in
gold than in tungsten, and this might be the reason
for the large difference in their observed stopping
powers.

Firsov's treatment of electronic stopping and its de-
pendence on impact parameter predicts surprisingly
well the approximate magnitude of S, (Fig. 5) and
its general rate of increase with Z~, particularly con-
sidering the nature of the approximations involved.
For the (100) channel, a trajectory oscillating by even
0.4 A from the perfectly channeled case would be
enough to raise the Firsov curve to the best mean Q.t
through the experimental points.

Similar (but smaller) oscillations to those in Fig. 5
have been observed in amorphous carbon, aluminum
and boron foils by Ormrod et al.""' and in carbon
foils by Fastrup et al."28 Presumably these periodic
oscillations are related to the shell structure of the
penetrating ions, but no obvious correlation can be
seen. For example, Na~4 is located at a minimum and

"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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TABLE V. Total and partial stopping cross sections& for perfectly
channeled Xe'" iona along the (100) direction in tungsten.

E(keV)

0.5
1
2

8
12
16
20
32

Measured total
stopping

S

3.2~0.4
2.3~0.3
1.6~0.2
1.3~0.1
1.4a0. 1
1.5~0.1
1.6a0.2
1.8~0.2
2.0a0.2

Extrapolated
electronic
stopping

S,

0.24~0.01
0.34&0.02
0.48w0. 03
0.68a0.04
0.97&0.06
1.18~0.07
1.37~0.08
1.6 ~0.1
1.9 ~0, 1

Derived nuclear
stopping

S

3.0~0.4
2.0~0.3
1.1~0.2
0.6~0.1
0.4~0. 15
0.3+0.1g
0.2~0.2
0.2~0.2
0.1~0.2

~ In units of 10 14 ev cm~/atom.

K4' at a maximum. For channeled atoms, the observed
oscillations (Fig. 5) are much more pronounced than
in the amorphous case, suggesting that these shell ef-
fects become more important for collisions at large
impact parameters.

So far, a satisfactory explanation of the oscillating
Z~ behavior has not appeared. Such oscillations are not
predicted by either of the above-mentioned theoretical
calculations, since both are based on the Thomas-Fermi
model of the atom.

The S, curves for the (100) and. (110) directions
(Fig. 5) appear rather similar. However, Fig. 7 inus-
trates that, even for the same projectile, the E,„
values in various crystal directions are not correlated
in a simple way to the midchannel values of p. Again,
an oscillatory Z& behavior is seen, but more experimen-
tal points would have been desirable.

The relative difference in E,„between the (100)
and (110)directions fluctuates from 8% in the case of
Cr to 42'%%uo in the case of Sb. Projectiles having small

5, values usually exhibit a large relative difference inR, and vice versa. (This oscillatory behavior is not

due to the oscillating value of the normalization factor
R &' '&—in fact, if R, &"'& —R, &'"& is plotted with-
out normalizing, the Zt fluctuations are even larger).
Again, the theoretical treatments predict reasonably
well the approximate magnitude of the range difference,
but not the Z~ oscillations. These large variations in
the R, dispersion for different elements are evident
from Fig. 8, in which range distributions for Cu'4 and
Sb"' ions at 500 keV are compared. It will be seen
that Sb has a slightly larger range than Cu along the
(100) and yet along the (110) the order is reversed.

2. NUCLEAR STOPPING OF CHANNELED IONS

Although nuclear stopping is very much suppressed
for a channeled ion, it still becomes important at lower
energies. Experimentally derived nuclear-stopping pow-
ers for perfectly channeled Xe ions along the (100)
direction (Fig. 3), in the energy range 0.5—32 keV,
are given in Table V. These values are obtained by
subtracting the extrapolated electronic-stopping con-
tribution from the measured stopping power.

Assuming the momentum approximation to be valid
for perfectly channeled ions, one predicts a nuclear-
stopping power which (independent of the potentia, l
chosen) is inversely proportional to E; this would pro-
duce a maximum range proportional to E'."However,
the momentum approximation eventually breaks down
at lower energies —because the stopping power must
go through a maximum and then decrease as the energy
of the particle is spent. Brinkman'4 has given the elastic
energy loss in the momentum-approximation region as
a function of the parameters in the Born-Mayer poten-
tial U= Ae l", and Andersen and Sigmund" have esti-
mated the energy loss for the lower-energy region where

"C. Lehmann and G. Leibfried, J. Appl. Phys. 34, 2821 (1963).
34 J. A. Brinkman, J. Appl. Phys. 25, 961 {1954).
~H. H. Andersen and P. Sigmund, Kgl. Danske Videnskab.

Selslrab, Mat. -Fys. Medd. 34, No. 15 (1966).
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this approximation no longer holds. Erginsoy et al. '6 in
computer calculations of 1-keV Fe atoms in bcc cx iron
find the elastic energy loss for channeled atoms to be
essentially time-independent down to about 0.1 keV.
This implies a stopping power proportional to E '~'.

In order to compare the results in Table V with
theory, we 6rst establish whether or not the momen-
tum approximation is valid in our energy region. This
is done by comparing the calculated energy transfer in
the momentum approximation with the energy transfer
predicted by Andersen and Sigmu~d. H we define E*
as the energy at which maximum transfer occurs, and
Eo as the injection energy, we 6nd (using the potential
of Anderson and Sigmund") that E* is about 70 eV
and that the corresponding maximum energy loss is
about 30 eV. For very large Eo/E*, the formulas by
Andersen and Sigmund and by Hrinkman agree within
the expected uncertainty; even at Eo/E*=5 (i.e., at

0.35 keV), one finds that the momentum approxi-
mation predicts an energy loss that is only 30%
higher than Andersen and Sigmund's value. Hence,
throughout our low-energy range (E)0.5 keV), the
momentum approximation is expected to be a reason-
able one.

The best simple power-law fit to the data in Table V
is the expression S„=E/E* (keV) )& 10 "eV cm'/atom,
where @=0.85&0.1 and E=1.8~0.3. The observed
value for the energy exponent is rather close to the
momentum approximation value of 1.0. However,
Erginsoy's value of 0.5 can also be Qtted to the lom-

energy data within the estimated errors.
Fitting an equation S„=E'/E to the data, we ob-

tain E, ~'=2.1+0.4, which can then be compared di-
rectly to that predicted by the momentum approxima-
tion. The latter, of course, is very sensitive to the
choice of potential:

(i) Using the Born —Mayer potential, which at these
large impact parameters (i.e., ~1.5 L) should be
reasonable, and substituting the Born-Mayer constants
used by Andersen and Sigmund" (viz. a=0.219 A,
independent of Zy and Z2 alld A=AptZiZ2$ ~', with

Ao ——52 eV), we obtain E'=0.62.
(ii) Using Abrahamson's values of a=0.27 A and

Ao ——90 eV (as quoted by Andersen and Sigmund'7)
we get E'=5.6.

The agreement between these Born—Mayer estimates
and our experimental value of 2.1 is really quite good,
as the predicted stopping power is very sensitive to
the choice of a and A. Also, the theoretical estimates
are sensitive to the value of the mean impact param-
eter; due to thermal vibrations, this might differ
slightly from the "static" value.

'6 C. Erginsoy, G. H. Vineyard, and A. Shimizu, Phys. Rev.
139, A118 (1965).

"H. H. Andersen and P. Sigmund, Risg Report No. 103 1965
(unpublished).

It should perhaps be pointed out that it will be very
difFicult to obtain more detailed experimental informa-
tion about the pure nuclear stopping of a well-channeled
atom. At energies greater than a few keV, electronic
stopping predominates. On the other hand, at energies
less than 1 keV, the range even of a channeled atom
becomes comparable to the lattice spacing: for exarn-

ple, for 250-eV Xe'" in the (100) direction, removal
of 10 A of tungsten (which is only six atomic layers)
left less than 0.08% of the injected activity in the
crystal, indicating that in this energy region one has
really a "quantized" range distribution —i.e., a signifi-
cant fraction of the beam becomes stopped within a
single atomic layer.

For a perfectly channeled ion, we have seen that
nuclear stopping predominates only at very low ener-
gies; its contribution to the observed maximum ranges
at high energies can therefore be represented by a
small constant term. The magnitude of this small cor-
rection can be evaluated by a simple integration: For
example, for K and Xe at v= 1.5&&10' cm/sec, it corre-
sponds to about 0.7 and 1.5%, respectively, of the
maximum range. This correction term, of course, does
rot affect the electronic stopping powers derived in
Sec. 1, as it cancels out when the range-energy curve
is differentiated.

3. RANGES IN "AMORPHOUS" TUNGSTEN

Previous range measurements in polycrystalline tung-
sten foils' were influenced so much by crystalline eIIfects
that even the median range was significantly greater
than the theoretically predicted value. To circumvent
this difliculty, and subject the Lindhard —Scharff —Schigtt
(LSS) theory" to a more careful test, Domeij p& al, '
measured ranges in amorphous oxides of aluminum and
tungsten at energies up to 160 keV. Recently, similar
experiments in A1203 at this institute'8 have extended
the comparison with the I SS theory up to about 1 MeV.

An alternative procedure, however, for obtaining the
range in amorphous media is to identify the depth of
the erst peak in the present single-crystal experiments
as the projected range in amorphous tungsten. Particles
entering the crystal close to an atomic row are scattered
immediately through an angle suKciently large that
they do not become channeled; presumably such parti-
cles have a fairly random trajectory, and hence undergo
the equivalent of amorphous stopping. Normally, un-
less the crystal is extremely well aligned, there is an
even greater number of particles that are initially chan-
neled but are gradually scattered out of the preferred
direction. In many cases, these scattered particles com-
pletely distort the "amorphous" peak, and produce an
asymmetric one at a depth considerably larger than
the amorphous range. However, our experiments show

"P.Jespersgaard and J. A. Davies, Can. J. Phys. (to be pub-
lished) .
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FIG. 9. Projected ranges in "amorphous" tungsten: O, K"data derived from our measurements in tungsten single crystals; , Ar"
data obtained from measurements in anodic oxides (Ref. 6). Theoretical curves for the total range (Ref. 23) and for the projected
range (Ref. 40) in amorphous tungsten are included.

that there are two ways of obtaining quite reproducible
values of the amorphous range from single crystal
measurements: (i) by deliberately orienting the crys-
tal to a random direction, so that the channeled peak
disappears, and nearly all the beam falls into the
"amorphous" peak; or (ii) by measuring the range
distribution in a preferred direction with very precise
orientation, so that the "amorphous" and channeled
peaks are both clearly resolved. "

To check whether or not method (ii) is applicable
to a particular measured distribution, one can roughly
estimate (see paper II) that at our energies the "amor-
phous" peak should contain about 10-15oro of the inci-
dent beam. If the observed Grst peak, therefore, con-

' In principle, the "amorphous" peak in a single crystal should
not agree exactly with that in a random stopping medium. When
the incident beam is aligned to a main direction, the particles
contributing to the "amorphous" peak have all been deflected
significantly from the incident direction; hence the projected range
along the incident direction is somewhat smaller than in a truly
amorphous medium. It can be shown, however, that this decrease
in our projected ranges is less than a few percent; the correction,
therefore, is considerably smaller than the experimental uncer-
tainty.

tains a higher fraction of particles, it has very likely
been distorted by scattering e6ects from the channeled
beam. An illustration of this is given in Fig. 1(b); for
the better channeling directions, (100) and (111), the
position of the first peak agrees well with the value
obtained by random orientation, whereas for the poorer
(110) direction, the peak is badly distorted by scatter-
ing e6ects.

Figure 9 shows the projected amorphous ranges ob-
tained for 70-900-keV K4' ions. Within the experimen-
tal errors, the data agree satisfactorily with the Ar4'

values of Domeij et al.' in the overlapping energy
region. The solid line gives the total range for K4'

according to the LSS theory, and the dotted line is
the corresponding projected range along the original
beam direction. Computer programs that are now avail-
able enable the conversion between total and pro-
jected ranges to be made accurately even when the
projectile is much lighter than the target atom. The
agreement with theory is most encouraging.

'0H. E. Schigtt, Institute of Physics, University of Aarhus,
Denmark, Report, 196'7 (unpublished) .
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In the case of Xe, our measurements, though not so
accurate, again agree well with the values predicted
by the LSS theory; they also 6t smoothly with the
lower-energy data6 (see also Fig. 7, Ref. 10). The
measurements give the following projected amorphous
ranges:

160 keV: 0.04+0.02 mg/cm',

500 keV: 0.10&0.03 mg/cm',

1500 keV: 0.28+0.05 mg/cm'.

It has not been the purpose of this work to investi-
gate amorphous ranges in detail. In fact, the random
orientation method (which is the more reliable one)
was used only in three runs: viz. for K4' ions at 70,
150, and 550 keV.

4. NOTE ON THE SUPERTAIL

Earlier, the supertail phenomenon has been reported
in tungsten for Xa, Ar, Kr, Rb, Xe, and Cs ions. In
addition to these elements we have now observed such
tails also for K and Cr ions Lsee, for example, Fig.
1(a)$. For P, Cu, Br, and Sb ions, it was not possible
in the present work to follow the activity to low enough
levels to establish whether or not a tail exists. For Rn,
on the other hand, Domeij" finds no supertail in tung-
sten, thus supporting Andersen and Sigmund's predic-
tion4' that even a perfectly channeled atom, if it is
heavier than the target atom, will produce appreciable
radiation damage near the end of its track, and so
presumably will be prevented from participating in the
interstitial diffusion mechanism. ' In order to confirm
Domeij's observation, we have carried out a Rn"' run
at 100 keV in a well-aligned (100) direction. Down to
the 5&10 ' level, there was no indication of a supertail,
even though the fall-off towards a maximum range was
very rapid in the last three decades.

Two range distributions have also been measured
for 50-keV Wisr ions along the (100) directions. The
activity was followed down to 5&10 ' of the original
activity, but again no supertail could be observed.
This would suggest that the mechanism proposed by
Andersen and Sigmund is effective also in the limiting
case Z~=Z2. However, in this "self-diffusion" case, an
alternative explanation for the absence of a tail might
be the existence of interstitialcy diffusion —in which the
interstitial moves by a replacement mechanism involv-
ing exchange with lattice atoms.

Our ineasurements at higher energies (where a larger
fraction of the beam is channeled) support the earlier
conclusion" that the supertail typically contains 0.1—1%
of the chammeled particles; they also show that the level

'B. Domeij, Arkiv Fysik 32, 1/9 {1966).
4'H. H. Andersen and P. Sigmund, Nucl. Instr. Methods 38,

238 (1965).

of the supertail can easily be reduced by an order of
magnitude by slight maltreatment of the crystal.

Five consecutive runs were performed in the same
(100) W crystal with 500-keV K4' ions. In four of
these runs, 0.4&0.1% of the channeled particles ap-
peared in the supertail; in the fifth run, the correspond-
ing value was less than 0.02% (in fact, only a slight
tendency towards a supertail behavior could be ob-
served). However, in this fifth run, the crystal had
been deliberately prebombarded with stable K39 ions
to a total dose of about 10"atoms/'cm'. This sensitivity
of the tail to ion bombardment is perhaps not surpris-

ing, since a concentration of trapping centres of even
10"/crn' should significantly affect both the level and
the slope of the supertail. "The above prebombardment
dose, penetrating to a depth of approximately 1p, pro-
duces a potassium atom concentration in excess of
10'~/cm' in the region where the channeled radiotracer
atoms come to rest.

S. RANGES IN MONOCRYSTALLINE ALUMINUM

For comparison, a few range measurements have
also been performed in the (110) and (100) directions
of monocrystalline aluminum, using Na, K, and Xe
ions at energies up to 500 keV.

The data presented in this section werc obtained
using only the x-ray alignment technique (i.e., +1').

Previous studies on Al, W," and Si ' showed that
the thickness of metal removed by the anodizing-
stripping technique is essentially independent of the
crystallographic orientation of the target surface. How-
ever, for Al crystals, Selig et u/. 43 have recently re-
ported about a 15% difference in weight loss between
I110I and I100} surfaces at an anodizing voltage of
100 V. We have therefore carried out a careful calibra-
tion check to establish whether or not the voltage-
thickness relationship for Al is truly independent of
the orientation. Our technique consisted in measuring
the transmission of 400-keV Kr" through A1203 layers
grown at fixed voltage on the I 110I, (100I, and I 111I
surfaces of monocrystalline Al; a similar study has
recently been made at Chalk. River44 using 60-keV Na".
In both sets of experiments, the fractional transmission
did not depend significantly on the nature of the under-

lying surface. Comparison with the recently measured
range distributions in amorphous oxides ' confirmed
that any orientation dependence of the voltage-thick-
ness calibration is less than. 1%. This conclusion does
not agree with Selig ef al. 's measurement, 4' and sug-
gests that the effective surface areas of their two crystal
faces were sigruficantly different, due perhaps to Quc-

tuations in the surface "roughness" factor.
For several reasons, these range measurements in

Al have not been carried out in nearly as much detail

4' O. Selig and R. Sizmann, Nukleonik 8, 303 (1966).
44 J. L. Whitton and G. Sims (private communication).
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as those in W. Firstly, the channeling in aluminum,
even in the best direction (i.e., (110)), is poor com-
pared to that in tungsten. This was already evident
in the lower-energy work by Piercy et al.' Secondly,
the anodizing-stripping technique" for aluminum is
much more time consuming and somewhat less accu-
rate than for tungsten.

TABLE VI. Values of 210-3 in monocrystalline aluminum.

Ion E(keV)
R()-s (mg/cm')

(110) (100)

K42

Xe133

40
80

200
300
500

150
500

20-160

40
140
500

0.27.
(0 5)
0.64
0.80

(1.45)

0.28
0.57

See Ref. Sb

0 09a
0.32
0.69

~0.20'
0.37

(0.45)
e ~ e

(0.9)

0.25
0.52

0.06a

0.22
0.53

a From Ref. 8.
b See Ref. 8.

's J. A. Davies, J. D. McIntyre, R. L. Cushing, and M. Louns-
bury, Can. J. Chem. 38, 1555 (1960).

Figure 10 shows integral range curves for 500-keV
Na, K, and Xe ions injected along the (110)directions.
It is quite obvious that in aluminum we cannot esti-
mate the true maximum range unless the range distri-
butions are followed to much lower levels. Only the
potassium curve approaches a maximum range at the
10 '—10 4 level, which is the typical lower limit of our
measurements. However, even this curve, when diGer-
entiated, does not produce a double-peaked distribu-
tion. The almost exponential decrease observed for Na
and Xe indicates that scattering of the channeled beam
out of the aligned direction is much more pronounced
in aluminum. Even in the favorable case of 500-k.eV K4'

in the (110) direction, only a few percent of the parti-
cles remain channeled throughout most of their range.
This is to be compared. with more than 75% for the
favorable (111) direction in tungsten. The difference
in channeling magnitude cannot be attributed entirely
to the much thicker surface oxide on aluminum, be-
cause range measurements in gold at room tempera-
ture4' exhibit a similar exponential decrease in spite
of the oxide-free surface. Presumably, in both Al and
Au, the much larger vibrational amplitudes of the
1attice atoms at room temperature are part of the
explanation.

Table VI summarizes the experimental results. We
have somewhat arbitrarily selected the 10 ' level for
this comparison; these values are quite sensitive to

"J.L. Whitton, Can. J. Phys. 45, 1947 (1967).
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TAnr. z VII. Electronic stopping cross sections S, and range dispersions in aluminum at a=0.9)&10' cm/sec.

Ion E(keV)

Sp
E erimental

(110 (100)

Sa S.. Range dispersion
Lindhard I'"irsov

(amorphous) (110) (R(110)—2t(100))/R(110)

Na24 101 2.0 2.8 4.9 2.0

K42

Xe133

176

357

4. 1

1b

7.0

5, 0

9.0

7.0

10.0

12.0

2.4

3.1

3.8

11%

20%e

22%

a In units of 10 '4 eV cm2//atom.
R values measured at the 10 ~ level.

Extrapolated from Ref. 8.

misalignment, etc., particularly in the case of Na and
Xe—and hence the tabulated values are not too repro-
ducible. The RM-' values, plotted against energy, ap-
proach an E'I' dependence as was observed in tungsten,
but the accuracy is not as high. Hence, once again,
electronic stopping is the dominant mechanism of en-

ergy loss for channeled heavy ions even at fairly low
energies. A similar conclusion was reported earlier from
range studies of Kr ' in aluminum at energies up to
160 keV.

Table VII contains the electronic-stopping powers
for the (110) and (100) directions (typical errors
+20%) derived at the constant velocity @=0.9&(10s
crn/sec. This is the velocity used by Ormrod e1 al."For
comparison, the elec/roric-stopping powers predicted
for amorphous aluminum" and for a channeled atom
moving in the geometrical centre of the (110)channeP4
are included. The experimental points are too few to
establish whether or not an oscillating dependence on
Zt exists similar to that observed in tungsten (Fig. 5).

It should be noted that, since in aluminum the range
measured at the 10 ' level is not a good approximation
to the maximum range, the derived stopping powers

will be too high, particularly in the case of Na, Kr,
and Xe.

Table VII also lists the range dispersion between
the (110) and (100) directions in aluminum.

In conclusion, monocrystalline aluminum is evidently
not a very suitable choice for studying quantitatively
the channeling of heavy ions. The general behavior,
however, is similar to that observed in monocrystalline
tungsten.
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