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The thrust of the conference in which this paper is presented is toward inelastic interactions
of ions with surfaces. The work described in this paper deals with inelastic interactions of ions in
planar channeling inside the crystal. We are, however, not too far off the mark because the
planar channeling potential is made up from the sum of two (sheet) “surface potentials. The
difference, if you will, is similar to that between an ordinary sandwich and an open faced one
(smgrebrod), and in the future these techniques may well be applied to the single surface.

In earlier work on resonant coherent excitation (RCE) of channeled ions, it was shown
that for H-like ions (Z = 4 — 9) moving in axial crystal channels in the velocity range
6 vo < vi < 12 v, collisional lifetimes are sufficiently long to give well-defined n=1 and n=2
states. It was also shown that the effect of the spatially (time) coherent field caused by correlated
collisions with atoms arranged in crystal rows can give rise to resonant excitation of the
penetrating ion [1,2]. Thus, an ion moving at velocity vj past a row of atoms with interatomic
spacing d experiences periodic perturbation at frequencies v = K(vi/d), K = 1,2,3 .... The ion can
be resonantly excited when a frequency AEj/h is attained, where AEjjis the energy difference
between states i and j of the moving ion. We showed that the energy levels of the penetrating ion
differed measurably from the vacuum states. These differences reflected the influence of the
static crystal field whigh removed the degeneracy of the 2px, 2py, and 2p; orbitals, and of the

i

influence of wake field which acted to Stark mix the 2s and 2p; states.
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It was then shown that, while in axial channeling, the excitation frequencies are determined
by the fixed spacing along rows in a given lattice direction, in planar channeling, the frequencies
are vector sums of components in the hk{ directions [3]. Hence, at a given velocity (see Fig. 1),
a continuously tunable range of resonant frequencies is available depending on the angle in the
plane low index axial directions. In both cases, (axial and planar), the resonances were
previously observed by varying the ion beam energy for a fixed crystal orientation.

An example of the resonances that can be attained is shown in Fig. 2 for N6+ in the (100)
planar channel of Au, where a plot of the velocities and angles required to achieve RCE for

n=1 — n=2 is shown. The condition for resonance' in the (100) plane of an FCC lattice is given

by

)

AE(keV) x a(A))’
£ cos® + k sin®

E (MeV/amu) = 3.03 x .
(y+1)

-1
where E; is the resonant ion energy, 7y is the relativistic factor (\/1 —Bz) , a is the lattice

constant and £ and k are field components. The resonances are denoted by ( £.k) in the diagram.

For the low-Z (4-9) hydrogenic ions used, the resonances were demonstrated by observing
the increase in the fraction of totally stripped ions which occurred as the ion passed through the
crystal channel as a function of v;. The reason for this increase is the increase in the ionization
cross section (factor ~10) which occurs when the ion is pumped up from n=1 — n=2. For the
ions in question, there is a reasonable chance (~50%) of the ion in its 1s state, passing through
the electrons in the channel without electron loss, however, in the n=2 state, the probability of
emergence from even these very thin (1000 — 5000 A) crystals is vanishingly small.

This is not true for higher-Z ions at higher velocities. Here the ionization cross section of
even the n=2 state may be small enough to allow the ion to escape from the crystal intact where it
is then free to relax via radiative decay. This was demonstrated in a later paper [4] using Mgll+

ions and observing RCE in the 7th harmonic in the <111> axial channel in Au at resonant

velocities of ~16 v (~160 MeV). Here the resonance could be observed by either an increase in
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Mg 12+ population or by an increase in Mgl1+ Ly, X radiation from those ions which escaped the
crystal in the n=2 state. Differences in the relative population of the 2p; and 2p4 states were
noted between the radiative and ionization channels implying differences in the electron
bombardment ionization cross sections for these two orbitals.

This result led to a curious conclusion: namely, that the specific m state population created
by RCE retained its identity long enough to participate in an ionizing collision, i.e., the alignment
was not destroyed by electron collisions prior to the ionizing collision. This result could be due
to the creation of these states in different parts of the channel, e.g., the 2py state might be created
closer to the atomic strings than the 2p; and result in a higher probability for ionization of 2px
states. Since trajectories in axial channeling are extremely complex, we sought to carry out the
experiments in planar channels where the trajectories are considerably simpler to follow. In
addition, we would like to work with low harmonics where the transition strength is large and to
use ions which can give X rays which are measurable with a SiLi detector (~>1 keV), i.e., we
must use high energy beams to achieve low harmonics.

These requirements lead to a dilemma if we are to carry out these experiments as we have in
the past, i.e., to use H-like ions and vary the ion beam energy in small steps. To achieve the high
energies in question requires the use of a cyclotron or linac where small variations in ion beam
energy by varying machine conditions are not achieved on a short time scale. The usual method
is to accelerate to a higher energy and then “degrade” the energy by passing it through an
absorber and selecting the final energy via magnetic deflection. Unfortunately, at the desired
high energies, almost all the ions emerging from the degrader would be totally stripped with very
little H-like component remaining. This led us to examine the possibility of studying these
resonances using a beam of fixed velocity and varying instead the distance d between perturbing
centers, i.e., using planar channeling with a fixed ion beam energy and varying angle
(see Eq. (1)).

The lowest achievable planar harmonic is the (2,0) which lies in energy above the 2nd

harmonic in the <100> axis (see Fig. 2). We investigated the feasibility of the angle variation




technique N6+ ions from the ORNL EN Tandem Van de Graaff at energy of 3.25 MeV/amu
where excitation to n=2 is tantamount to ionization. To investigate the region where escape with
subsequent radiation contributes, we employed Mgl1+ ions at an energy of 25 MeV/amu using

the Chalk River CSCC Tandem Cyclotron Facility.

Experimental Arrangement

The general experimental arrangement has been described previously [4]. For the nitrogen
experiment, a beam of N6+ ions at an energy of 3.25 MeV/amu was supplied by the ORNL EN
'i’andem accelerator. After suitable collimation, it was passed through an Au crystal (1800 A
thick). The Au crystal was epitaxially grown on rock salt with the surface parallel to a (100)
plane, mounted in a 3-axis goniometer and oriented so that it could be rotated about a <100> axis
toward a <110> axis, i.e., in the (100) plane. The emergent charge-state distribution was
analyzed by electrostatic deflection followed by a solid-state position-sensitive detector. Charge
states 5, 6, and 7 were simultaneously detected.

In the case of Mgll+ (see Fig. 3), the beam was supplied at an energy of 25 MeV/amu by the
CSCC Tandem Cyclotron Facility at Chalk River, Canada, and passed through an Ni crystal
4000 A thick which was epitaxially grown with the surface parallel to a (100) plane. As above,
the crystal could be rotated about a <100> axis in the (100) plane. The beam was charge state
analyzed by a Q3D magnetic analyzer in which charges 11+ and 12+ were registered. At the
energy in question, almost no 10+ fraction is visible. Two Si(Li) X-ray detectors aimed at 90

and 45° recorded the emission of Mgll* Lya (n=2 — 1) X rays.

Results and Discussion

We expect that different substates in the n=2 manifold will be non-degenerate and will occur
at different exciting frequencies. Further, these energy levels may be a function of distance from
the center of the channel. Calculations of these energy levels have been carried out and the
results for, e.g., N6+ at 3.25 MeV/amu in (100) Au are shown in Fig. 4. The vertical scale

denotes the energy difference between these states and the level they would have in vacuum.




The horizontal axis corresponds to the distance from the center of the channel. The energy shifts
of the excited states and the transition strengths were calculated from a time-dependent effective-
Hamiltonian theory described previously [5]. Inputs to the calculation included electron
scattering factors [6], and the plasmon energies of Ni and Au (assumed to be 20.7 eV and 25.8
eV, respectively). The wave functions for these states also depend on the distance between the
ion and the atomic planes. These are represented by the cartoons in Fig. 5. At the center of the
channel, the 2p; state is Stark mixed with the 2s to form two states: one with a forward pointing
lobe and the other with a rear pointing lobe. Moving away from the channel center, the
transverse field dominates the Stark mixing and the 2s mixes with 2py, the 2p, becomes a single
symmetric state. The 2pyx state, which at channel center is a symmetric state, mixes with 2s to
form two states; one 2px2s(c) with the largest lobe pointing toward the center and the other
2px2s(w) with its largest lobe pointing toward the channel wall. Since there is no gradient in its
direction, the 2py state is symmetric at all distances.

Figure 6 shows the calculated transition strength for each of these states as a function of
distance from the channel center. Extending furthest into the potential gradient, the 2px2s(w)
state has the highest value. The 2py has by far the lowest. The main point here, however, is that
the transition strength is least at the channel center and increases sharply as the “wall” is
approached. Returning to Fig. 4, we see that the energy of the 2p; state is relatively constant
with distance and should therefore appear as a sharp line at an energy just ~2-5 eV below the
vacuum level. The 2p42s(w) state, on the other hand, should appear as a broad feature extending
to ~30 eV below the vacuum level. The 2py2s(c) should appear as a narrower feature on the high
energy side extending up to ~8 eV above vacuum level. The 2py, although relatively flat, has a
very small transition strength at all distances and can be neglected.

The question arises as to where in the channel the excitation takes place? Motion of ions in
planar channels have been extensively studied [7] and the answer is relatively simple. The ions
oscillate in an almost harmonic potential of the form V(x) ~ A cosh (bx) as shown in Fig. 7.

Because of the relative flatness of the 2p, state energy with position, it will, at the proper angle,




receive continuous excitation almost everywhere along its path; the greatest will occur at its
maximum amplitude. The situation for, e.g., the 2px2s (w) is quite different. Its energy level is
changing continuously with position in the channel. In order to build up phase coherence at a
given velocity, it must move in a region where the eigenstate is relatively constant. This it does
only when it is at its maximum amplitude. It is here also that the transition strength is a
maximum. Therefore, when we observe a resonance at a given angle, we can associate with it a
given transition energy and a given position in the channel.

The observed charge state fractions of N6+ exiting the Au crystal are shown in Fig. 8. Along
the top, we plot the angle in the (100) plane from the <100> axis. Along the bottom, we plot the
energy required for a (2,0) planar resonance as calculated from Eq. (1). The main (2,0) structure
is contained in the region of 5 to 25°. The AEjs552p in vacuum for the N6+ ion is at 500 eV.
Three main features are contained in the spectrum, two peaks centered on either side of the
vacuum level energy, and a broad feature extending out to almost 30 ¢V below the vacuum level.
The feature on the high energy side extends to ~6 eV. Using Fig. 3, these features can be
identified below.

The sharp feature centered at -3 eV is due to the 2p, resonance. Its sharpness arises from the
relative insensitivity of AE;j to position in the channel. If one includes the fact that the transition
strength increases with increasing distance (Fig. 4), we expect a downshift of the 2p; peak of -3
to 5 eV. The shoulder on the high energy side is identified with the 2px2s(c) resonance which we
expect to extend up to ~5-8 eV. The very broad feature extending down to ~470 eV is the
2px2s(w) resonance. (Note: The small features at 482 eV and 479 eV are due a higher order
resonance (3,1) which overlays the (2,0) extend (Fig. 2). The feature at ~509 eV is a portion of
the (2,2) resonance which lies very close to the axis.)

The corresponding information for Mgl1+ at 25 MeV/amu in (100) Ni is shown in Figs. 9, 10
and 11. Nickel was chosen for this experiment rather than gold because the smaller lattice
constant d = 3.524 A as against d = 4.078 A in Au allowed us to reach the desired (2,0)

resonance with the 25 MeV/amu beam available.




Because of the higher velocity and the higher Z of Mgll+ as compared with N6+, the
displacements from AE;s_,op are smaller. (Fig. 9 vis a vis Fig. 4). The transition strengths are of
the same order of magnitude. However, in contrast to N6+ in Au (Fig. 6), the transition strength
for 2p; lies slightly below that for 2px2s(c), see Fig. 10. Similar identifications of the features
can be made. The vacuum level AE1s—2p for Mgll+ is at 1472 eV. The 2p, peak is virtually
coincident with this value. The 2px2s(c) forms a shoulder on the high energy side extending up
to ~10 eV above 2p; and the 2px2s(w) forms a bulge on the low energy side extending down to
~20 eV below the vacuum resonance level.

Thus far, we have looked for effects due to n=1 — n=2 excitation followed by ionization.
We now look for effects for ions which have been excited and survive to exit the crystal and then
relax radiatively by X-ray emission. The results of the X-ray measurements on Mgl1+ are shown
in Fig. 12 and compared with the ionization measurements. The first obvious observation is that
the X rays attributable to states excited to the 2s2px(w) are strongly suppressed when compared
to emission from ions excited to the 2p, state. The relative probability of excitation to 2s2px(w)
and 2p; is almost independent of position (amplitude), see Fig. 10. Hence, the difference in
ionization probability is attributable to the shape of the wave function. This is not an unexpected
result since the bulk of the square of the wave function for the 2px2s(w) state lies perpendicular
to the direction of the bombarding electron flux and extends into regions of higher electron
density near the planes of atomic cores. Although the shapes of the wave functions for these two
states (i.e., 2pz and 2px2s(w)) vary with position (Fig. 5), their identities are reasonably clear. A
2pz mixed with 2s on axis becomes almost pure 2pz far off axis. The 2px2s(w) state is a pure Zpx
on axis but mixes with 2s as it moves away from the axis. The case for the 2px2s(c) state is not
as clear. The wave function for this state changes character drastically as it moves through its
oscillation in the channel. In its on-axis manifestation, it is a 2s mixed with 2p,. It in its extreme
form far off-axis, it is a 2s mixed with a 2pyx. In between, it has s, p; and px character.

Moving at 25 MeV/amu (B=0.23), the velocity of the Mg ions is 6.8 x 109 cm sec! in which

case they spend 0.6 x 10-14 sec in the 4000 A crystal. The lifetime of 2p — 1s transition in




Mg!l+ is 7.6 x 10-14 sec so that almost all the observed radiation takes place outside the crystal.
When the excited ions emerge from the crystal into vacuum, they must assume discrete states,
2px, 2pz or 2s. The fraction appearing in a given state will depend on the vertical displacement
in the planar channel at the exit point. The radiative lifetime for the 2s — 1s transition in Mgll+
is 3 x 10-7 sec so that very little 2s radiation will occur within the field of view of the Si(Li)
detectors. The radiation pattern of the 2px state is orthogonal to the x direction. It should be
isotropic in the y-z plane and no differences in intensiiy should be observed between the 90° and
45° detectors (after correction for lab-frame to projectile-frame solid angles). The radiation
pattern for the 2p; state is orthogonal to the z direction, isotropic in the x—y plane and should
display an increased intensity of 90° detector compared with the 45°. Such an effect is visible in
Fig. 12. Here again the 2px2s(c) state is more complex. Although the state lies perpendicualr to
the electron flux, it always extends into regions of lower electron density. Its state depends on
vertical displacement at the exit point. From the X-ray yield, it is evident that there is a chance
for escape from the crystal without ionization and that it shows evidence for alignment.

In conclusion, there is strong evidence that once a given ionic state is excited, a large fraction
of the ions remain in that state and are either ionized or radiate from that state. The result is
counter to the expectation that electron-ion collisions in the channel would have a large enough
cross section to destroy the alignment before either of these two events could take place. At this
point, the reasons for the observed retention of anisotropy are open to conjecture.

The authors wish to express their appreciation to J. Chevallier of the Institute of Physics and
Astronomy at Aarhus University, Denmark for his preparation of the crystals used in these
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Figure Captions

Fig. 1

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.
Fig. 8.

Fig. 9.

Coordinate system for planar channeling in the (100) plane of an FCC crystal.

Positions in energy and angle in the (100) plane for RCE resonances in the

N6+ + Au (100) system. The horizontal dashed line indicates the region of angle

scan of 3.25 MeV/amu N6+ discussed in this paper.

Schematic for the RCE experiment using the 25 MeV/amu Mg!1+ beam at the Chalk
River TASCC. The experiment on N6+ at ORNL did not use Si(Li) detectors.

Energy shifts of the various n=2 substates from vacuum level AE’, as a function of
distance from the planar channel midplane. ‘The calculation here is for 3.25 MeV/amu
N6+ in a (100) channel of Au 10° from <100> axis. ---- 2px2s(c), — 2py,
——=2p; —— — — 2px2s(w).

Wave function shapes for the substates as a function of distance from the channel
midplane.

Transition strengths for the substates calculated here for 3.25 MeV/amu N6+ in (100)
Au 10° from <100> axis. ---- 2px2s(c), — 2py, ———2pz — — —— 2px2s(w).
Trajectories of ions entering a planar channel as a function of entrance point.

Surviving change fraction of N6+ (3.25 MeV/amu) in (100) Au as a function of tilt
angle from <100> (top scale). This angle can be related to transition energy through
Eq. (1). Aside from the overall structure due to the (2,0) resonance, a fraction of the
(2,2) resonance can be seen near 0° and features due to higher order (3,1) resonances
can be seen near 20°, see Fig. 2. The structure ranging from ~475 to 500 eV is
attributable to the 2px2s(w) state, the peak at 502 eV is due to the 2p, state, and the
shoulder going up to ~506 eV is due to the 2px2s(c) state.

Energy shifts of the various n=2 substates from vacuum level AE’, as a function of
distance from the planar channel midplane. The calculation here is for 25 MeV/amu
Mgll+ in a (100) channel of Ni 10° from <100> axis. ---- 2px2s(c) state — 2py,

———2pg — — — — 2px2s(W).
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Figure Captions (contd)

Fig. 10. Transition strengths for the substates calculated here for 25 MeV/amu Mgl1+ in (100)
Ni 10° from <100> axis. ---- 2px2s(c) — 2py, — — — 2pz — — — — 2px2s(w).

Fig. 11. Surviving charge fraction of Mgll+ (25 MeV/amu) in (100) Ni as a function of tilt
angle from <100> (top scale). The angle can be related to transition energy through
Eq. (1). The region from 1440 eV to 1470 eV can be attributed to the 2pyx2s(w) state,
the peak at 1472 eV is due to the 2p,, and the shoulder extending up to ~1485 eV is due
to the 2py2s(c) state.

Fig. 12. X-ray yields in detectors placed at angles of 45° and 90° to the beam as a function of

transition energy (tilt angle) as compared with charge state fraction (i.e., Fig. 11).
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