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We then obtain
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as an expression for the emitted power. From
classical mechanics,
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gives an approximate expression for the oscil-
latory velocity amplitude. We insert (6) into
(5) and divide by PI, the laser power, to ob-
tain the cross section:

dg te211 1

dQ (me'] (1—np cos8 )' '

S
(7)

This formula shows the departure from the
Thomson cross section. We have neglected
factors of the order of unity. It appears that
(7) is independent of the laser angle, but that
is illusive. Because of (1) and the requirement
that both ~~ and ~L be in the optical region,
the resonance only occurs if the laser beam

is aligned close to the Cherenkov cone.
The reason for the resonance is very simple.

The Cherenkov radiation process occurs be-
cause the Coulomb field of the electron is a
viable radiation field in the laboratory frame.
Similarly, the laser field (which would only
produce small oscillations of an electron at
rest) appears as a nearly electrostatic field
in the electron frame. It is, therefore, able
to accelerate the electron to large velocities
and the electron reradiates strongly.

There are numerous factors which reduce
the strength of the resonance in (7). Use of
relativistic dynamics for the electron reduces

the effect. Taking notice of collisions of the
electron with the medium should reduce the
cross section very near to the resonance, and
removal of the approximation of neglecting w

in the exponential of (3) should further reduce
the cross section. Nevertheless, the effect
may be observable.

We wish to acknowledge illuminating remarks
of Dr. W. B. Thompson and Dr. T. O'Neal.
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In a recent Letter' we reported about trans-
mission of 13-keV D ions in single-crystalline
fcc gold films. The results showed that the
transmitted intensities in the beam direction
are high in low-index directions or along low-
index planes. The ions are believed to be chan-
neled between the atom rows and planes in the
crystal. ' We found that the channeled intensi-
ties are correlated with calculated transparen-
cy values A~~~, the area per atom along the
direction (hkl), given by Ahkl = onst phkl
where p&&& is the number of atom rows per
unit area. ' A good agreement exists between
the strongest five peaks and low-index direc-
tions calculated by Robinson and Oen' to be the
most open channels in fcc crystals.

In this Letter we report the direct observa-
tion of channeling in a bcc structure. We com-
pare the results with those obtained on gold

films in our previous investigations and show
that planar channeling plays an important role.
Penetration distributions of '"Xe ions in bcc
tungsten have been obtained earlier. The anom-
alous long-range "tails" in the curves are inter-
preted as being due to channeling. However,
these authors do not discuss the distinction be-
tween directional and planar channeling.

Single-crystal n-iron films are used in our
investigations. The films are grown by ultra-
high-vacuum (10 Torr) deposition of iron
onto hot rocksalt substrates. Growing techniques
similar to those described by Matthews' and
Shinozaki and Sato are used. The film thick-
ness is measured with a quartz crystal micro-
balance. The epitaxial relation between the
films and the substrates as seen in an electron
microscope is that the (001) plane of iron is
pa, rallel to the (001) plane of the rocksalt. The
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Table I. Most-open channel directions (kkl) as
found experimentally are shown for fcca and bcc struc-
tures. A plus sign refers to resolved peaks and a mi-
nus sign to directions where no resolved peaks are
seen. The parentheses indicate that the (012) direc-
tion has a relatively low intensity.
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films are picked up on 3-mm-diameter Cu grids
and mounted in a goniometer. With the goniome-
ter, the foil normal can be inclined to a polar
angle 8 with respect to the beam direction, and
the foil can be rotated about its normal through
an azimuthal angle y. A mass-separated D+

ion beam is used for the bombardment. Details
about the apparatus and the goniometer geome-
try have been described earlier. '7

Figure 1 shows the channeled intensities in
the beam direction in a (100) and a (110) plane
for a 1000-A-thick iron film. The D+ ions have
an energy of 15 keV. The incident ion current
is 10 ' A. Because of the film orientation the
(001) direction appears at 8=0, the intersection

FIG. 1. Transmitted currents of 0+ ions in the beam
direction through a 1000-A-thick n-iron film are shown
as a function of film orientation. The film normal is
(001). Arrows point to the angles for low-index direc-
tions in the (100) and (110) planes. Dashed lines in-
dicate the separation of directional and planar con-
tributions. The dot-dashed line represents trans-
mitted intensities in high-index planes. Incident ion
current is 10 A. Incident ion energy is 15 keV.

between the two planes. In the (100) plane,
peaks are found in directions corresponding
to the channels (011) and (012). In the (110)
plane we find channels in the (111), (113), (115),
and (117) directions. The smooth background
shown by the dot-dashed line in Fig. 1 is obtained
from measuring the intensity in high-index
planes. In these planes the foil acts like a poly-
crystalline film with random orientation. Sim-
ilar curves are obtained from measurements
on randomly oriented iron films.

In Table I we list 12 low-index directions in
increasing order of the sum h+ k+ l. Directions
for which resolved peaks are found are marked
with a plus sign. No peaks have been seen in
directions marked with a minus sign. Table I
shows clearly that most of the peaks present
in one structure are absent or unresolved in
the other. This fact proves that the channeled
intensities are closely related to the lattice struc-
ture and therefore gives strong support to the
transparency model discussed by Robinson and
Oen. Their transparency values (expressed by
the row densities pkkI) suggest a certain order
among the channel directions. The order is dif-
ferent for fcc and bcc structures. For both
structures we do obtain the first five most open
channels. The peak intensities, however, do
not give the expected order because of an un-
known dependence on effective foil thickness.
The most striking difference between the fcc
and bec structures occurs for the two directions
(112) and (013). In gold' both directions are
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FIG. 2. Transmitted current of 15-keV D+ ions in
the beam direction in a 1000-A n-iron film is shown
as a function of azimuthal angle y. The polar angle is
0=45 . Arrows point to the angles for the indicated
low-index directions and planes. Incident ion current
is10 'A.

very pronounced while they are hardly visible
at all in iron.

Figure 2 shows the transmitted intensities as
a function of azimuthal angle y for a constant
value of 0 = 45'. Peaks at y =10' and p = 100'
correspond to (011)-type channels. The shoulders
on each side of these maxima belong to the chan-
nels of the type (133). At p = 55' and cp = 145'
no low-index directions are expected from the-
ory. The high peaks at these angles must, there-
fore, be due to channeling in (110) planes. The
total intensities in Fig. 1 thus also have to con-
tain planar contributions. For 6I =+49' and -37'
only very high-index directions exist, and we
expect only planar channeling at these points.
Using these minima and observing the fact that
the width at half-maximum is roughly constant
for all peaks, we can find the planar part on top
of which the directional contributions appear.
The separations are done in Fig. 1 (dashed lines).
It can now be seen that the (110) plane is more
transparent than the (100) plane, which is ex-
pected from calculated values of interplanar

spacings.
No sign of the next important plane (112) is

found. This means that in our experiment only
the two most important planes (110) and (100)
show planar channeling. In directions where
these planes intersect ((111), (011), and (001)),
the net effect of several planes has to be con-
sidered. So far we do not know exactly how this
could be done, ' but a calculation based on an
estimated hard sphere radius of 0.06a, where
a is the lattice constant for gold, gives a maxi-
mum correction of about +20%%uo for the planar
contribution indicated in Fig. 1 in the (011)
direction. In the (001) and (111)directions the
upward shift is much smaller.

The energy loss of the ions in the iron films
can be determined by a 90-deg energy analyzer.
For the (001) channel this energy loss is found
to be about 50%. Energy losses for other direc-
tions are higher.

Provided that the D+ ion energy is kept con-
stant, a comparison between peak widths for
iron and gold films of the same thickness can
be made. %e find that the channel peaks are
broader in iron than in gold. H, D, He, C
0+, and Ne+ ions have been used for channel-
ing experiments in gold foils. It is found that
the peak width increases when the mass ratio
between the target and the bombarding particle
decreases. The data on iron agree with this
r elation.

Radiation damage reduces the peak intensities
because the channels are blocked by displaced
atoms. By looking at the films in an electron
microscope after bombardment, the damage
can also be observed as a high density of de-
fect clusters.
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