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kG region, the construction of a paramagnetic
resonance spectrometer at 140 GHz is difficult
and expensive, but the application of this frequen-
cy by harmonic generation, with optical detection
of the resonance by dichroism monitoring, is
considerably simpler. It would also be interest-
ing to study whether resonance modulation of the

light will be present either in direct resonance
of the E-center electron or in the hyperfine
structure. "~"
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CHARGE-STATE POPULATIONS OF 5- TO 36-MeV CHANNELED OXYGEN AND CARBON IONS
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Equilibrium and nonequilibrium charge-state distributions have been obtained for
high-energy ions emerging from crystals. In a major channeling direction in silicon,
the slower ions and those incident in low charge states emerge nearly at equilibrium,
with a mean charge close to that in a random direction. High-energy channeled oxygen
8+ ions emerge far from equilibrium, indicating a capture cross section of less than
2x 10 19 cm2

The fraction of particles in each state of ioni-
zation has been measured for beams of ions
emerging from thin crystal foils in the direction
of a major crystal axis at velocities near 10'
cm/sec. Previous measurements have shown a
decrease in the mean charge when a beam of 40-
MeV iodine ions is aligned with a major axis. '
The present results indicate a slight increase
for C and 0 ions, together with an extremely
small electron-capture cross section.

The apparatus used is the same as that for
studies of electron-capture and -loss cross sec-
tions in collisions with gas atoms. In brief, ox-
ygen ions are accelerated in the 7-MV tandem
Van de Graaff of the Niels Bohr Institute in Co-
penhagen and stripped to high charges in a thin
carbon foil following the energy-analyzing mag-

net. Ions of a single charge are selected by a
beam-switching magnet and are directed onto the
thin crystal foil through a collimating system
with a half-angle of acceptance 0.03'. The ions
emerging from the foil pass through an aperture
of half-angle -0.1 at a scattering angle of 0+0.02
and are then deflected in proportion to their
charges by a third magnet. A position-sensitive
detector' and a two-dimensional pulse-height an-
alyzer are used to obtain the number N; of ions
in each charge state i. Peak-to-valley ratios are
typically greater than 10', and 10' total counts
are used, leading to a typical statistical error of
0.001 in an individual charge-state fraction 4 &.

No deadtime corrections are needed because a
single electronic system is used to determine all
N).
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For the crystal experiments, a silicon surface-
barrier detector is added, registering slit-edge
scattering from the 1-mm-diam collimator im-
mediately preceding the crystal. A second ion-
implanted junction detector registers ions which
are deflected 10' by Rutherford scattering in the
crystal. In addition, the total number transmit-
ted through the last collimator to the position-
sensitive detector is counted. These numbers
are designated S, R, and T, respectively. The
crystals used were a 20-mm-diam silicon foil,
3400 A thick with its (110)axis normal to the
surface, made by etching a planar lapped slice,
and a 3-mm nickel foil, -1000 A thick with its
(111)axis normal to the surface, made by epi-
taxial deposition on copper deposited on mica.
Both foils were sen-supporting, the nickel hav-

ing been chemically removed from the copper,
mounted on a nickel ring, and annealed at 600'C.
The crystals were held in a three-axis goniome-
ter, accurate to 0.1'.

In a given experiment, the string direction
(i.e. , the crystal axis approximately norma. l to
the surface) was aligned to within 0.1 of the beam
direction, using the extreme drop in Rutherford
scattering when alignment is achieved, ~ and the
major planes were located by tilting the string
direction 8' to 10 from the beam direction and
rotating the crystal about the direction normal
to its surface. ' The charge-state populations 4q
were measured (a) for beams incident in the
string direction and (b) for beams incident in a
random direction, defined as one some 8' from
the string and not in a major plane. In addition,
some scans across the string direction were
made.

Figure 1 shows the results of such scans with
15.5-MeV oxygen 8+ ions. At the bottom is the
Rutherford-scattered counting rate R versus an-
gle showing a 90% fall at the string. The half-
width of this dip is 0.4, in reasonable agreement
with the theoretical critical angle g, =0.53' in
this case. ' Above this is the counting rate T in
the position-sensitive detector. At angles sever-
al times the critical angle (for example at 8
= 65'), the beam within the crystal is completely
in random trajectories and is multiply scattered
nearly as in an amorphous solid, with an estimat-
ed transmission less than 40/o through the last
collimator. ' %hen the string direction is aligned
with the beam, T increases because of elimina-
tion of the usual mechanism of multiple scatter-
ing by nuclear collisions. At this point, both the
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FIG. 1. Angular scan for 15.5-MeV oxygen 8+ ions
transmitted through a 3400-A thick silicon crystal. At
8 =63.7, the $10) direction of the crystal is aligned
with the incident ion beam. The bottom curve shows
the yield R of Rutherford-scattered ions for 100 slit-
edge scattered counts S; the middle curve shows the
number T of transmitted particles for 20 of S; and the
top curve shows the fraction 4z of the transmitted ions
in each charge state i.

input and output collimation apertures are well
within the critical angle. The fraction of the in-
put beam which strikes the ends of the strings
and does not go into an aligned motion may be es-
timated as g, -0.01 in this case, ' and as these
particles must be strongly scattered, they con-
tribute a negligible amount to T. Likewise, that
portion of the beam is not detected which is mul-
tiply scattered out of alignment (i.e. , through an-
gles greater than g, ). Thus the particles trans-
mitted at 8 =63.7' must virtually all come from
the aligned beam, and the charge-state fractions
@; shown at this angle in the top part of the fig-
ure must correspond only to aligned motion,
while at 6)= 65', they must correspond only to
random motion. Study of the best-channeled and
random cases is therefore appropriate.

Table I shows the mean charges (as computed
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Table I. Mean charge of random and channeled ion

beams.

I nput Mean charge at exit:
Crystal Direction I on Energy charge Random Channeled
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FIG. 2. Charge-state distributions for 24.6-MeV oxy-
gen ions emerging from silicon. The dashed curves
are for the aligned case and the solid curves for a ran-
dom ease. The charge of the incident ions is given in
the upper left-hand corner of each graph.
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aIn I,'111}plane, -6' from (110) direction.

from the values of 4f) for beams incident in

these two directions. In the random direction,
the mean charge is essentially independent of the
charge state, meaning that the foil is always
thick enough to establish an equilibrium charge-
state distribution in this case. In the string di-
rection, equilibrium is also obtained for carbon
ions in nickel. For oxygen ions below 29.9 MeV,
the weak dependence of the mean charge on the
input charge for 4+, 5+, and 6+ ions indicates that
equilibrium is almost established, while the
marked dependence for 7+ and 8+ ions indicates
a nonequilibrium situation. It is apparent that
the mean charge in the string direction is greater
than or equal to that in the random direction for
the carbon ions, which are at equilibrium, as
well as for the oxygen 4+, 5+, and 6+ ions from
15.5 to 24. 6 MeV.

Since the 4+, 5+, and 6+ ions, which are gener-

ally below the mean charge, interact principally
by electron loss and produce near-equilibrium
distributions, while the 7+ and 8+ ions, which
are generally above the mean charge, interact
principally by electron capture and produce non-
equilibrium distributions, one can conclude that
the loss cross sections are greater than the re-
ciprocal number of atoms/cm' in the foil, while
the capture cross sections must be less. At 35.4
MeV, there is a tendency for channeled oxygen
6+ ions to remain in charge 6, possibly indicating
that the loss cross section is also approaching
the reciprocal number of atoms/cm~ in the foil.
A similar decrease in o67 above 20 MeV is seen
for oxygen ions in helium gas. ~

The large deviations from equilibrium for oxy-
gen 7+ and 8+ ions can be seen in Fig. 2, which
shows charge-state distributions for 24.6-MeV
oxygen ions. In the channeled case, 4, is 0.54
compared with a value of 1.00 at incidence and
the equilibrium value of 0.17. The corresponding
value of @', for 35.4-MeV channeled oxygen 8+

ions is 0.76. These values indicate that the foil
is thin enough for an estimate of the electron-
capture cross section &». An upper limit of 2
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X10 cm is obtained at 35.4 MeV, using the
thickness of 3400 A calculated from the energy
loss of 4-MeV oxygen ions in a random direction.
This is about 100 times smaller than the value of
1.8&&10 "cm' for 35-MeV oxygen 8+ ions in ar-
gon gas. ' The true value may be even smaller

0

since a 34-A randomly distributed oxide film
could account for all the observed capture.

Small electron-capture cross sections provide
an obvious explanation of the observed shift for
the mean charge toward higher values in the
string direction. However, the mean charge is
determined by a balance between capture and
loss, and a decrease in the loss cross section in
the string direction has been hypothesized to ex-
plain the observed shift of the mean charge to
lower values with iodine ions. ' The electron-loss
cross section may also decrease in the string di-
rection for oxygen and carbon ions, but there is
a lower limit to this drop because of collisions
with the local density of electrons in the channel.
However, the electron-capture cross section may
fall by a large factor for the aligned beam of oxy-
gen ions, as may be seen by the following esti-
mate.

An upper limit to the cross section for electron
capture per electron in the crystal may be esti-
mated as &&c', where &c is the impact parameter
at which an electron with initial velocity zero can
obtain the energy 2~&' in a collision with an ion
of velocity v and is given by

r =2a i(v /v),c 0 0

in which m is the mass of the electron and vo
= e /h. '0 The actual cross section may be smaller
because of prior removal of the electron" or its
initial (quantum-mechanical) velocity distribu-
tion. For oxygen ions at 36 MeV, rc= 0.09 A,
which is much smaller than the (110) channel ra-
dius of about 2.0 A, as well as the estimated dis-

tance of closest approach to the strings &min
=0.6 A for the best channeled ions. ' Accordingly,
the oxygen ions maintain distances greater than
0.09 A from the E and I- electrons of the silicon,
which are the only ones with a small prior proba-
bility of release. " The electron-capture cross
section for these aligned ions should then be very
much smaller than for ions in a random direc-
tion, which have close collisions with inner-shell
electrons.
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