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DETERMINATION OF INTERATOMIC POTENTIALS AND STOPPING POWERS
FROM CHANNELED-ION ENERGY-LOSS SPECTRA*

H. O. Lutz, S. Datz, C. D. Moak, and T. S. Noggle
Oak Ridge National Laboratory, Oak Ridge, Tennessee

(Received 31 May 1966)

Structure has been observed in the energy-loss spectrum of 60-MeV ~27I ions and 3-
MeV e particles channeled in gold single crystals. The explanation of this structure has
been found to lie in the nature of transverse oscillations of the particles in the channels.
The energy losses associated with given wavelengths and amplitudes allow a mapping of
the stopping power in the channel and should permit the direct determination of inter-
atomic potentials.

In a previously reported experiment' ' sur-
face-barrier solid-state detectors were used
to measure the energy loss suffered by high-
energy (20-80 MeV) "Br and '"1 ions upon pass-
ing through oriented, thin single crystals of
gold. It was found that, for incidence in low-
index crystal directions, almost all the ions
suffered energy losses which mere significant-
ly lower than those entering in a random direc-
tion. Low-index crystal planes were also shown
to be effective in channeling. In another exper-
iment, in which time-of-flight techniques were
used to improve the energy resolution, detailed
angular scans were made across planar chan-
nels. Additional sharp energy-loss groups were
discovered between the normal and lomest en-
ergy-loss components. Reports of channeling
experiments with protons and e particles from
other laboratories' &' contained no evidence of
similar structure in the energy-loss pattern.

For the experiments reported here, a beam
of 60-MeV "'I ions mas passed through a thin
Au crystal and into a magnetic analyzer. The
Au single crystal, ca. 5400A thick, was mount-
ed in a goniometer, which permitted rotation
about two orthogonal axes; mosaic spread across
the usable area of the crystal was ca. 0.2'.
The original beam divergence was 0.05'; the
acceptance angle of the analyzer was 0.02';
the resolution of the magnetic analyzer, fitted
with a position-sensitive detector, was &E/E
= 2~10

The energy spectrum obtained for beam in-
cidence parallel to the (111)plane, with the
crystal tilted 40 with respect to the (100) face,
is shown in Fig. 1(a). The peak is sharp on
the high-energy side but decreases more grad-
ually with only minor undulations on the low-
energy side. Figure 1(b) shows the pronounced
structure obtained when the crystal is rotated
0.5' perpendicular to the plane. The observed
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FIG. 1. Energy spectra of 60-MeV I ions in Au sin-
gle crystals obtained with a 7000-A thick Au single-
crystal absorber. (a) (111)plane aligned with beam di-
rection, (b) (111)plane tilted 0.5' from beam direction.
The normal energy loss in this crystal was ca. 16 MeV.

peak positions did not vary with angle of inci-
dence, n, . Since structure had not previous-
ly been reported with light ions, our experiment
was repeated with a beam of 3-MeV 0. particles.
Although the instrumental resolution was poor-
er, the spectra (Fig. 2) clearly show the same
general features. The suggestion that the struc-
ture is due to charge-state fluctuations is elim-
inated by this a-particle experiment as well
as by studies of the individual charge states
of channeled iodine ions to be reported elsewhere.

The explanation of the structure reported here
has been found to lie in the nature of the trans™-

verse oscillations of the particles in the chan-
nels. Consider a planar channel consisting
of two parallel closely packed lattice planes.
In this channel a particle of energy E experi-
ences a repulsive force from each wall. We
assume a smooth "planar potential, " 4'(j), '
where y is the distance from the midplane.
The particle motion reduces to a two-dimen-
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inal beam direction. A particle can, therefore,
only be detected if the angle of incidence, 0.„
into the channel is equal to the exit angle, ae.
This introduces conditions for the wavelength
of the detected particles:

(5s.)

(5b)

where l is the channel length, n an integer,
and xo=X, cos '(K2no/A). For no=0, I =nk/2.
Because the wavelength, &, of the detected par-
ticles is quantized, their amplitude, A, is al-
so quantized, since from Eq. (4)

A'= (&b)(X '-a).
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FIG. 2. Energy spectra of 3-MeV u particles ob-
0

tained with a 7000-A thick Au single-crystal absorber.
(a) (111)plane aligned with beam direction, (b) (111}
plane tilted 0.5' from beam direction. The energy
scale is uncertain by ca. 3%.

sional problem in which the direction of inci-
dence into the channel lies in the x-y plane.
The walls are assumed to be rigid. Since for
channeled particles the maximum angle between
particle trajectory and axial plane is ca. 1,'
the x component of the velocity is assumed to
be constant. Thus

d y 1 84(y)
cog 2E 8$

To integrate Eq. (1), we can write the poten-
tial 4 (y) as a polynomial

C (y) = 4 (0)+a,y'+ b y'+ ~ ~ ~ .

Since (1) and (2) lead to the differential equa-
tion of an undamped anharmonic oscillator,
we can write the solution in the periodic form

y =A, sin[(x -x,)/X]+A, sin[3 (x—x,)/&],

(2)

(3)

where A =A, +A, is the oscillation amplitude.
Neglecting higher order terms in Eq. (2), we

insert (3) and (2) into (1). Setting the coefficients
of sin[(x-x, )/X] and sin[3(x-x, )/X] to zero yields
A x»A, and

'=a+ 3bA, (A, +A, )/4=a+ 3bA'/4,

where a = a,/F. ; b = 2b,/Z .
It should be emphasized that in the experiment,

the detecting system was aligned with the orig-

Particles with different oscillation amplitude,

A, probe different electron-density regions
and thus have different distinct energy losses.
Since the wavelengths, X„are a function of

n„ the mosaic spread of the crystal introduces
an energy spread in the case of Eq. (5b) which

increases with increasing o.o. Hence the dis-
crete groups seen in Fig. 1(b) are due to the
l =nX, solutions. With n, = 0 [Fig. 1(a)], the

~, peaks are still sharp enough to fill in the

valleys between the X, groups.
If the channel length, l, is increased a small

amount, the X chosen increases. The energy
separation between the A. = 0 group and higher
order groups decreases. ' This peak shift has
been observed. In the (100) planar region, tilt-
ing the crystal parallel to the plane to give a
4% change in thickness produced the spectra
shown in Fig. 3. For greater thickness, the

peaks are shifted to lower energy loss with

respect to the most channeled group as predict-
ed. From these shifts, we derived a wavelength,

&, of ca. 800-900 A for the first side group.
To calculate ~ we expand the planar Moliere
potential, ' using the Thomas- Fermi screening
length, about the channel midplane according
to Eq. (2). From Eqs. (5a) and (6), we get X

= 880 A for this group. Applying the Poisson
equation to our potential, we obtain for the en-

ergy loss

dE/E = 2Sl[a(1+c)+3bA /2],

where S is the energy-dependent stopping pow-

er in the center of the channel, and c is an ap-
portioning factor between distant and close col-
lisions. Assuming equipartition, ' c = 1. For
the experimental conditions of Fig. 1, the prod-
uct S a, obtained by measuring the energy-loss
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FIG. 3. Energy spectra of 60-MeV ~I ions obtained
with a Au single-crystal absorber; the (100) plane was
tilted 0.25 from beam direction. Crystal thickness
(a) 7000 A, (b) 7300 A. The energy scales were shift-
ed to compensate for the thickness change.

group withe = 0 (for n, = 0), was 486 cm
For this case, we calculate from Eq. (5) a se-
ries of amplitudes, A =0, 0.180, 0.556, 0.980
~ ~, A for the observed X, solutions. [The (111)
channel width is 2x1.18 A. ] This leads to a
set of calculated values for (dZ/E)caic = 0.137,
0.159, 0.208, 0.264, ",which, considering
the crudity of the approximations, is in reason-
able agreement with the measured values (dE/
E)expt=0. 137, 0.151, 0.177, 0.203. The accu-
racy of these calculations can be improved by
using more appropriate potential forms, such
as the hyperbolic cosine, or by including more
terms in Eq. (2). In some cases Eq. (1) can
be solved directly by means of elliptic integrals.

The demonstration that oscillation amplitudes

can be experimentally related with their cor-
responding energy losses suggests a number
of interesting experiments. A study of the pop-
ulations of the groups may indicate the form
of the interplanar potentials. The energy shifts
of the groups with crystal thickness will give
exact numerical values for the wavelengths
of different oscillation modes. Studies of en-
ergy versus angle of exit from the crystal should
give exact values of oscillation amplitudes.
The energy losses associated with the measured
wavelengths and amplitudes allow a mapping
of the stopping power in the channel. Thus,
this experimental technique in conjuction with
the theory should permit the direct determina-
tion of interatomic potentials and stopping pow-
ers.

It is a pleasure to acknowledge helpful dis-
cussions with G. Leibfried and H. W. Schmitt.
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For the much thicker crystal used in previous light-

ion channeling studies (Refs. 4 and 5) the structure was
probably too compressed to be observable.

NEW RESULTS ON THE QUESTION OF AUGER AFTEREFFECTS*

James G. Mullen and Hang Nam Ok
Physics Department, Purdue University, Lafayette, Indiana

(Received 14 March 1966)

Since Wertheim' reported the observation
of two charge states in Mossbauer studies on
cobalt oxide, other observations have been
made, ' 4 which have been interpreted as fur-
ther evidence that in some materials the time
required to reach electronic equilibrium, fol-
lowing the emission of an Auger electron, can
be of order of or greater than 10 ' sec. This

evidence has been extensively quoted in the
recent literature' ' despite reported evidence'
that the Mossbauer effect in Co"0 showed on-
ly one charge state. This later experiment,
which appears to conflict with Wertheim's re-
sults, was only reported in an abbreviated form,
and no explanation was given for the discrepan-
cy in Wertheim's original work. While exper-
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