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INTRODUCTION

The gathering of Japanese and U.S. physicists at this workshop is the result of recognition of
common areas of interest that have developed over the years. Contacts at various general,
international meetings and conferences and at the more specialized Werner Brandt Workshop
on Charged Particle Penetration Phenomena resulted in many informal exchanges of ideas and
information. Travel grants from the Japanese' and U.S.* governments have been critical in
converting informal contacts into a more formal collaborative effort. These grants have
provided support for several reciprocal visits of scientists, and for this joint meeting - the U.S.-
Japan Workshop on Atomic Collisions in Solids. The wide-ranging discussions, as evidenced
by the abstracts and lecture summaries in this report, covered areas where joint efforts are
already underway as well as topics which may engender further, future collaborations.

The organizers and participants of this workshop would like to express their appreciation to the
East-West Center for the use of its facilities, and to James P. McMahon, Logistics Officer, and
Katherine Sah and her logistics staff for their hospitality, graciousness, and efficiency. Their
organizational efforts were responsible for an effective and smooth-running meeting. Many
mahalo's to all!

'Grant No. MPCR-168 from the Japan Society for the Promotion of Science, National Science
Foundation of Japan

+Grant No. INT-8716311 from the U.S.-Japan Cooperative Program of the U.S. National
Science Foundation

Disclaimer: Any opinions, findings, and conclusions or recommendations expressed in this
report are those of the authors and do not necessarily reflect the views of the National Science
Foundation.
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F. Fujimoto Organization of Working Groups; Short- and Long-Range
Objectives

Afternoon:

Discussions of antiproton wake experiments and wake-riding theory

Wednesday. February 7

Morning: Discussions of MUSE experiments

Afternoon: Discussions of MUSE theory

Thursday. February 8

Morning: Discussions of Auger electron spectra of secondary electrons

Afternoon: Discussions of plasmon decay processes, atom-surface interactions, and
beam bending

Friday. February 9

Morning: Discussions of cluster-impact fusion

Afternoon: General discussions of problems in atomic collisions in solids and areas
for future collaboration



Techniques of Scanning Probe Microscopy

R. J. Warmack
Health and Safety Research Division

Oak Ridge National Laboratory

An overview of conventional, scanning beam, and scanning probe microscopies is
given. Conventional microscopes utilize projection magnification of an illuminated object
onto a physical screen. Scanning beam instruments focus a beam of electrons, photons,
ions, or sound onto the examined object. A detected signal is used to provide contrast for a
synchronously scanned video display. Special emphasis is given to the numerous scanning
probe instruments developed using the control mechanisms of the scanning tunneling
microscope (STM). The probe of the STM is simply a sharpened conducting tip which is
positioned to within a few atomic diameters over a sample surface. As piezoelectric
crystals move the tip in a raster pattern for scanning, the tip-surface separation is
controlled precisely due to the strongly varying tunneling probability with this distance.
Image formation can be accomplished in a manner similar to that of scanning beam
microscopies. Other microscopies which have been explored using a physical probe to
measure a localized effect are mechanical or atomic force microscope (AFM), thermal,
magnetic, capacitance, ion conductance, the near—field scanning optical microscope
(NFSOM), and the photon scanning tunneling microscope (PSTM). The PSTM is shown
to be the photon analogue of the electron STM. In the PbTM, externally-supplied plane
waves undergo total internal reflection at a dielectric interface. This creates an
exponentially-decaying evanescent field adjacent to the interface. Photons can be made to
tunnel to a nearby optically conducting fiber optic tip. The transmitted light signal is
strongly dependent upon the tip to interface distance and can be regulated by feedback
control to stabilize this distance (unlike the NFSOM). Perturbations caused by
irregularities in the interface can therefore be imaged by scanning the tip laterally in the
same way as STM. Sub-wavelength lateral and vertical resolution is demonstrated.
Lateral resolution is governed by the decay of the evanescent field and the probe shape.
Vertical resolution is governed by electrical and mechanical noise. Controllable parameters
include the angle of incidence, wavelength, polarization, index of refraction, and probe
shape. Direct imaging of real electromagnetic fields such, as standing waves caused by the
interference of two coherent surface waves at the interface will be shown. Examples of
images using the STM and the PSTM will be shown including atomic detail, thin metal
films and particles, biological samples, molecular films, non-conductive surfaces, and
spectroscopic imaging. Challenges which are being addressed include the limited scan
range of the scanned probes, development of sample preparation techniques, recognition of
artifacts, and a fundamental understanding of the phenomena.

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.



New Types of Radiation

Y. H. Ohtsuki
Department of Physics

Waseda University

Two new types of radiation from a crystal or crystal surfaces are proposed
theoretically. One is the Cherenkov radiation combined with the far-out-of-diffraction
condition of X-ray radiation. This condition is provided by the ion velocity v exceeding
the photon phase velocity c, which corresponds to the upper branch of the dispersion
surface of X-ray dynamical theory. We need to select the diffraction condition to take the
tie-point far from the Laue point, where it is easy to satisfy the Cherenkov condition.

Another type of radiation proposed here is the "transition radiation" after the
neutralization of an ion near a surface. Ordinary transition radiation is caused by the
vanishing of the ion-image dipole. However, this new radiation is caused by the vanishing
of the charge and the consequent disappearance of its image. The image formed by virtual
plasmons can emit the radiation with frequencies around the ultraviolet. It would be very
interesting to detect the position of neutralization near a surface by the profile of this new
radiation.

This materials is based upon work supported by the Japan Society for the Promotion of
Science under Grant No. MPCR-168.



-Riding Electrons Using Slow Antiproton Beams

Y. Yamazaki, K. Kuroki, K. Komaki, Institute of Physics, University of Tokyo;
F. Fujimoto, Institute of Scientific and Industrial Research, Osaka University;
L. H. Andersen, E. Horsdal-Pedersen, P. Hvelplund, H. Knudsen, S. P. Miller,
E. Uggerh^j, Institute of Physics, University of Aarhus; and K. Elsener, CERN

Electrons emitted forward in antiproton-carbon-foil collisions have been measured
for projectile energies around several hundred keV.1 Charged-particles traversing a solid
are expected to induce an electronic polarization wake which shows an oscillatory structure
behind the charged-particle when their velocity is higher than the Fermi velocity of the
target.2 A specific effect has been theoretically pointed out concerning the property of the
wake, i.e. an electron is trapped at the attractive part of the oscillatory potential and
travels in solids with the velocity of the projectile.3 The electron bound in this dynamic
electronic state is called a wake-riding electron.3 This intuitive picture is extremely
interesting because it predicts a new mechanism to induce dynamic electronic states in a
solid. For antiprotons, the wake-riding electron is expected to be localized at the first
minimum of the potential located behind the projectile at ~(7r/2)-vp/a^i, where vp and Wpi
are the projectile velocity and the plasmon frequency of the target, respectively. Upon
exit, the repulsive Coulomb potential takes the place of the wake potential. Consequently,
the electron is accelerated in the backward direction and finally gets the kinetic energy Ewr
given by

E w r ~ j V p
2 - 2 jvp

The energy shift evaluated using this equation is ~ 65 eV in the present experimental
condition.

An experiment at the LEAR facility of CERN using ~ 600 keV p gives a spectrum
which shows a bump, the energy position of which is «50 eV below vp2/2. Taking into
account that (i) the location of the wake-aiding electron is crudely estimated, (ii) the
image force of antiprotons on electrons reduces the energy by several eV, and (iii) the
plasmon energy Upi may be smaller for thin foils, the agreement between the theoretical
evaluation and the experimental results appears reasonable.

References

1. Y. Yamazaki et al., CERN Report No. CERN-PSCC 87-39, p. 108; CERN Report
No. CERN-PSCC 87-40.

2. P. M. Echenique, R. H. Ritchie, and W. Brandt, Phys. Rev. B 20, 2567 (1979);
P. M. Echenique, F. Flores, and R. H. Ritchie, Solid State Physics 43, 229 (1990),
Ehrenreich and Turnbull, Eds., Academic Press.

3. V. N. Neelavathi, R. H. Ritchie, and W. Brandt, Phys. Rev. Lett. 33, 302 (1974);
J. Burgdorfer, J. Wang, and J. Muller, Phys. Rev. Lett. 62,1599 (1989).

This material is based upon work supported by the Japan Society for the Promotion of
Science under Grant No. MPCR-168.



Antiproton Wake: Theory

J. Garcia and P. M. Echenique
Facultad de Quimica, Universidad del Pais Vasco

This work deals with the wake potential and density fluctuations set up by swift
(v ~ 6 v0 ; v0 = Bohr velocity) antiprotons moving in condensed matter. Yamazaki and
coworkers1 have performed an experimental study of the antiproton's wake and the
possibility of detecting the wake-riding states predicted by Ritchie and coworkers2.
Electron capture probabilities into wake—riding states are much larger in the case of wakes
of negative ions than in the case of positive ions because for negative ions the bound
electron is located closer to the ion.3 The plasmon-pole approximation with and without
damping was used to represent the response function of carbon. A parameterized response
function proposed by Bitchie and Howie was considered as well. A typical binding energy
of 4 eV was found when the plasmon—pole approximation with no damping was used; for a
damping constant of 7 = 0.55 a.u. the binding energy is reduced to 2 eV. If the response
function of Ritchie and Howie is used the binding is reduced further to about 1 eV.

1. Yamazaki and coworkers, to be published in Physical Review Letters.

2. V. N. Neelavathi, R. H. Ritchie, and W. Brandt, Phys. Rev. Lett. 33, 302; 670(E)
(1974); 34, 560(E) (1975).

3. J. Burgdorfer, J. Wang, and J. Muller, Phys. Rev. Lett. 62,1599 (1989).

4. R. H. Ritchie and A. Howie, Philos. Mag. 36, 463 (1977).



Bending of Swift Ion Beams by Graphite Foils

Oakley H. Crawford
Health and Safety Research Division

Oak Ridge National Laboratory

When a swift ion penetrates an anisotropic solid, such as graphite, the response of
the medium's electrons depends on the direction of the ion's motion relative to the
principal optical axes. As a result, one anticipates that the electronic stopping power
varies with direction, and also that an ion beam tends to bend when not traveling parallel
to a principal axis. We recently developed theory for these directional effects that allows
them to be calculated (in the nonrelativistic, high—velocity limit) from the optical
constants [1]. Here, calculations are presented for the angle of bending of proton beams
incident at 45 degrees from the c crystallographic axis, on graphite crystals of various
thicknesses. Proton energies from 100 keV to 1 MeV ate considered. Bending is sosx
pronounced at the lowest energies, but the theory should not be relied upon for proton
energies below 200 keV. The angles are large enough to be observed, provided that the
effect is not obscured by channeling or by multiple scattering. For example, a 1-MeV
proton beam is predicted to be bent by 45 milliradians while slowing to a final energy of
200 keV.

[1] O. H. Crawford, Physical Review A (to be published).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.



Angular Momentum Distribution of Autoionizing Rvdbere States Produced

bv 64 MeV S Ions in Collisions C Foils

K. Kawatsura, M. Sataka, H. Naramoto, Y. Nakai, JAERI, Tokai, Ibaraki 319-11, Japan;
Y. Yamazaki, K. Komaki, K. Kuroki, University of Tokyo, Meguro, Tokyo 153, Japan;
Y. Kanai, T. Kambara, Y. Awaya, RIKEN, Wako, Saitama 351-01, Japan; and
N. Stolterfoht, HMJ, Berlin, Federal Republic of Germany

We have measured electrons from the autoionizing Rydberg state at an observation
angle of 0° with respect to the incident beam direction. Electrons due to Coster—Kronig
transition ls^pnl —• ls^se t ' in S12+ ions were measured for 64 MeV Si* + C foil collisions
(q = 5 —15) as well as for S12+ + He collisions under similar experimental conditions. The
experiments were performed by the method of high—resolution, zero-degree electron
spectroscopy. The target foils were 2 to 30 pg/cm2 thick. Figure 1 shows the electron
spectrum obtained in 64 MeV S124 + C collisions. The cusp peak corresponds to a velocity
equal to the projectile velocity. The spectrum shows several peaks, each of which is
associated with a certain n-quantum number of the Rydberg electron of the configuration
ls^pnt (n > 9). It shows indications for quantum defect of the Rydberg crbitals. For the
case of n = 9, the region around the peak seems to exhibit structure which can be
associated with the angular momenta 1 = 0, 1, 2, and higher. We have examined the
projectile charge state dependence and target foil thickness dependence of we angular
momentum distribution of the Rydberg electron.

64 MeV S12f-C(5pg/cm2)

0.9

«88I13O-O27.028

10 1.1 1.2 1.3 1.4
ELECTRON ENERGY (keV)

Figure 1

1.5

This material is based upon work supported by the Japan Society for the Promotion of
Science under Grant No. MPCR-168.



jn Energy Exchange in Atom—Surface Collisions

J. R. Manson
Department of Physics and Astronomy, Clemson University

R. H. Ritchie
Health and Safety Research Division, Oak Ridge National Laboratory

The observation of backscattering of thermal energy and small mass atoms by solid
surfaces has produced a great deal of information on surface structure and surface phonons.
The object of this work is to consider the diffuse inelastic background caused by
multiphonon exchange in the collision of an atom with a surface. This work has been
motivated by two separate sets of experiments. Those of Amirov and Cardillo which
demonstrated that sufficient energy exchange can occur upon impact to excite electron-hole
pairs at the surface's and experiments by Skofronick et al., who measure directly the diffuse
inelastic background.2 Initial calculations using straightforward models for the atom-
surface potential show that an incoming atom with relatively high velocity can lose a large
fraction of its energy to the surface, in agreement with experimental results.1 More
detailed calculations with more refined models were carried out in order to examine the
nature of the miltiphonon transfers. All inelastic scattering intensities can be written in
terms of the time—dependent, displacement—correlation function. Hit is assumed that only
the long—wavelength and small—energy phonons contribute appreciably to the miltiphonon
diffuse inelastic contribution, then the final result for the intensity can be written as a form
factor miltiplied by the Fourier transform of a time-dependent structure factor, and only
the structure factor depends on the phonon vibrational motion. Numerical calculations
using a bulk Debye model for the phonon spectral density gives excellent agreement with
experimental observations for the dependence of the diffuse inelastic intensity as a function
of surface temperature.2 The diffuse inelastic intensity appears as a "foot" around the base
of the diffraction peaks, and the same Debye phonon model explains the observed increase
in width of this inelastic foot as a function of surface temperature. It appears that further
experimental observations will also be able to provide information on the form factor for
inelastic scattering.

1. A. Amirov and M. Cardillo, Phys. Rev. Lett. 57, 2289 (1986).

2. J. Skofronick, S. Safron, and G. Chenn, private communication.

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-ACq5-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.



Plans for Positron Experiments

Y. Honda and F. Fujimoto
Institute of Scientific and Industrial Research, Osaka University

A new, slow-positron facility using an electron LINAC has been designed and
constructed at Osaka University. The positron production part of this facility consists of a
converter made of tantalum and a moderator of tungsten. The slow positrons produced are
electrostatically transported to the sample or to the brightness enhancement chambers
through lenses and a mirror. To avoid activation and magnetization, the vacuum vessel is
made of aluminum. Each of the three layers of the moderator consists of ten tungsten
vanes. By applying successive voltages this design provides for enhanced extraction of
positrons parallel to the vanes. The dimensions and operating parameters for the system
are chosen by computer simulations of positron trajectories. The expected beam quality at
the entrance of the mirror is: (1) beam diameter ~ 1 cm and (2) dispersion angle < 5

degrees.

One possible experiment is to measure the energy loss of positrons with initial
energies < 10 keV transmitted through thin solid films. These data could be compared
with predictions of stopping powers of several solids for positrons as described by
J. C. Ashley at this workshop.

This material is based upon work supported by the Japan Society for the Promotion of
Science under Grant No. MPCR—168.



Resonant Coherent Excitation: Experiment

Y. Iwata, K. Komaki, Y. Yamazaki, Institute of Physics, College of Arts and Sciences,
University of Tokyo; M. Sekiguchi, Institute for Nudear Study, University of Tokyo;
T. Hattori, Research Laboratory for Nudear Reactors, Tokyo Institute of Technology;
T. Hasegawa, Faculty of Engineering, Miyazaki University; and F. Fujimoto, Institute of
Sdentific and Industrial Research, Osaka University

The motion of atoms along a crystallographic axis in the spatially periodic potential
of a crystal may cause atomic or nuclear resonant exdtation. We measured photon
emission due to de—exdtation from the coherently exdted states of hydrogen-like F8+ ior'
axially channeled along the (110) axis in a gold single crystal. The third-order resonance
for the Is —• 2p transition was dearly observed as an increase of ~ 10% in the intensity of
the Ka X rays at an incident energy of 37.6 MeV. Taking account of the energy loss of
about 1 MeV for the inddent ions while traversing the target, this energy agrees with the
calculated resonant energy of 36.3 MeV.

However, the energy dependence of the exit charge state distribution of
hyperchanneled F ions, whose trajectories are confined in the vidnity of the channel center,
did not show such resonant behavior. These observations are explained by the size of the
crystal channel compared with the orbital radii of exdted electrons on the ions. To
confirm the channel-size effect, we measured the energy dependence of the exit charge-
state distribution for the C5+ ions channeled along the (111) axis direction whose channel
size is 0.66 times that of the (110) axis direction. The change in the ratio of the C5+

population to the sum of the C5* and C8* populations (survival ratio) is about 10% at the
fourth-order resonance energy of 15.2 MeV.

In conclusion, we have for the first time dearly confirmed photon emission by
resonant coherent exdtation as proposed by Okorokov The channel size compared with
the orbital radius of the exdted electrons is the critical factor determining whether the
ionization or the de—exdtation process dominates.

This material is based upon work supported by the Japan Sodety for the Promotion of
Science under Grant No. MPCR-168.
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Line Shapes in Resonant Coherent Excitation: Theory

Oakley H. Crawford
Health and Safety Research Division,Oak Ridge National Laboratory

In resonant coherent excitation (RCE) of channeled ions, electronic transitions are
induced in projectiles by the crystal field[l]. The theory of the effect encompasses many
aspects of the interaction of swift ions with solids. Since members of the present
collaborative project are in the process of interpreting an RCE experiment, this is a good
time to review and discuss factors that determine the shapes and positions of liner, or
peaks, in RCE. In this report, special attention is devoted to coherence.

Coherence in RCE is the constructive interference of different parts of a
wavefunction that correspond to different ways of getting from a certain initial state, in
which the projectile is in its ground state, to a single final state (of the entire system), in
which the projectile is excited. The different ways of getting to the final state consist of
excitation at different points along the path, and also sequences of excitation and de-
excitation. However, coherence is usually lost when the ion loses and then captures an
electron, or vice versa, because the state of the medium is in most cases altered in the
process. Similarly, spontaneous emission of a photon interrupts coherence. In general,
coherence is lost when the system detects the electronic state of the ion. There is a close
analogy here with x—ray and electron diffraction.

The concept of coherence appears in a natural way in a time-dependent, effective-
Hamiltonian formulation for channeled ioas[2]. An operator, P, is defined that projects
onto a small set of states (of the system as a whole). These (time—dependent) states are
chosen on physical grounds as being the ones among which coherent transitions occur. The
effective Hamiltonian, Heff, includes the energy of the projectile ion, and the interaction
between ion and crystal, for states within P space. These terms describe the shifting and
splitting of the levels of the ion, and the coherent transitions among them.
Another part of Heff is an antihermitian operator that gives the rate of decay of coherence.

Under conditions that are usually satisfied in RCE, the time-dependent Schrodinger
equation based on Heff may be replaced by a set of coupled first-order rate equations for
the electronic-state populations of projectile ions[3]. The rate coefficients in these
equations describe the combined effect of all mechanisms, both coherent and incoherent,
that affect those populations.

In the remainder of this review, the factors that determine the shapes and widths of
RCE features are discussed in a general way, in the framework of the RCE rate coefficients.
Also discussed are the calculations by Yamashita and Ohtsuki[4], which provide the sole
examples of computed RCE peak profiles available at this time.

[1] Y. H. Ohtsuki, Charged Beam Interactions with Solids (Taylor and Francis,
London, 1983). See this reference for a comprehensive review of RCE.
O. H. Crawford and R. H. Ritchie, Phys. Rev. 20. 1848 (1979).
0. H. Crawford, NucL Instr. and Meths. 170, 21 (1980).
Y. Yamashita and Y. H. Ohtsuki, Phys. Rev. B 22, 1183 (1980).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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MUSE Experiments and Monte Carlo Simulation

K. Komaki, Y. Yaiaazaki, Y. Iwata
College of Arts and Sciei»oes, University of Tokyo

R. H. Ritchie, O. E. Crawford, J. C. Ashley
Health and Safety Research Division, Oak Ridge National Laboratory

We have investigated the number distribution of Multiply emitted Secondary
Electrons (MUSE) from foils bombarded by swift ions. In the experiment, a collimated
beam of atomic or molecular ions with energies ranging from 0.1 to 1.2 MeV/amu is
incident on a C foil with thickness of 1 to 15 jug/cm2 at 45° to the surface. Secondary
electrons emitted in both forward and backward directions were accelerated by a voltage of
15 to 20 kV applied to the target foil. The electrons deposit an energy in the detector
proportional to the number of electrons. These signals were recorded in coincidence with
the projectile signal. In the case of molecular ion projectiles, the angle between the
molecular axis and the direction of motion was selected by putting a small aperture or an
annular aperture in front of the projectile detector.

Experimental results, in general, give 20 to 50% higher numbers of electrons emitted
in the forward direction than in the backward direction. In the case of 1.0 MeV/amu He2*
ions, a slight dependence of the number distribution on the molecular attitude is found
both in forward and backward yields.

A Monte Carlo simulation has been carried out. At the present stage, a simple form

dA~X/de = (27rae4/mv2) Efi/(Ii+6)2

i

is adopted for the differential inverse mean free path (DIMFP) for inelastic scattering both
for projectile-electron and electron-electron collisions, with fi and Ii being the fraction and
ionization energy of M h shell electrons. The slowing down of an electron over the flight
path is taken into account by using an analytic formula by Iskef et al. [Phys. Med. Biol 28,
535(1983)].

In the case of atomic ion projectiles, the Monte Carlo results for the forward
direction are systematically smaller than the experiment by about 30%. This may be due
to an improper choice of DIMFP. In the backward direction, the discrepancy is about
factor of 3 to 5. This can be improved by introducing elastic scattering of the electron
during the flight path into the Monte Carlo program. For the He2* ion projectile, a
preliminary result shows that the united atom (Z=4) calculation almost reproduces the
experiment while two independent nuclei (Z=2) give a much lower yield. This implies that
the vicinage effect is important in explaining the data. Improvement of the simulation
program is in progress by taking account of the elastic scattering as well as adopting more
realistic DIMFPs for inelastic scattering. Further development of the program to simulate
ion-duster projectile interactions with the target is needed.

This material is based upon work supported by the National Science Foundation under
Grant No. INT-S716311, the Japan Society for the Promotion of Science under Grant No.
MPCR-168, and the Office of Health and Environmental Research, U.S. Department of
Energy, under contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
The U.S. Government has certain rights in this material.
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Inelastic Interactions of Electrons and Positrons with Solids

J. C. Ashley
Health and Safety Research Division

Oak Ridge National Laboratory

A model was described for evaluating energy loss per unit pathlength and inelastic
mean free path for low-energy (< 10 keV) electrons and positrons from optical data on the
medium of interest. In lowest order in the particle charge we assume the only difference
between an electron and a positron is that exchange and indistinguishablility must be
accounted for in the interaction of an incident electron with electrons in the medium. The
generalized oscillator strength for the medium is given by modes, assuming a simple form
for dispersion, distributed according to the optical oscillator strength. The resulting
equations for stopping power and inelastic mean free path may be readily evaluated for
materials for which optical data is available over a sufficiently broad range of photon
energies.

Stopping powers and mean free paths for Al, Cu, Au, Ag, and C, evaluated from
optical data, were presented. Comparisons of these results with previous theoretical
calculations and experimental data were described in detail. The electron interaction cross
sections derived from this model for carbon may be useful in the Monte Carlo simulations
being carried out to describe the MUSE experimental results.

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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Density Fluctuation Detection

J. Pitarke and P. M. Echenique
Facultad de Quimica

Universidad del Pais Vasco

R. H. Ritchie
Health and Safety Research Division

Oak Ridge National Laboratory

Experimental results by Yamazaki and coworkers on the cluster—orientation
dependence of the knock-on collision electrons emitted when fast diclusters interact with
carbon foils have been analyzed within the first and second Born approximation to describe
the scattering. The dynamic screening of the Coulomb potential is described by means of a
Yukawa potential with a density and velocity dependence of the screening constant.
Multiple scattering effects going beyond the second Born approximation have been studied
using methods developed in the theory of Low Energy Electron Diffraction (LEED).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR214C0 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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Cluster—Impact Fusion

P. M. Echenique
Facultad de Quimica, Universidad del Pais Vasco

R. H. Ritchie
Health and Safety Research Division, Oak Ridge National Laboratory

J. R. Manson
Department of Physics and Astronomy, Clemson University

In an important recent series of experiments, Buehler, Friedlander and Friedman1

have demonstrated a large yield of fusion events occurring in collisions of D2O clusters with
TiD targets. Clusters of 25-1000 molecules are accelerated to the 300 keV range. The
yield of fusion events, as observed through the reaction branch that produces tritium at 1
MeV and a 3 MeV proton, is more than 1010 times larger than that expected from the
fusion cross section for deuterium atoms with typical relative velocities of less than 0.1
a.u., that are provided by the cluster. For fixed accelerating energy, the fusion yield as a
function of cluster size has a maximum near 200 D2O molecules. For fixed cluster size, the
number of fusion events increases strongly with incident energy.

We propose a mechanism based on the large energy and density fluctuations
expected in swift cluster impact. When a D2O cluster strikes a solid surface the resulting
many-body collisions give rise to a small fraction of deuterium atoms accelerated to high
translationa! energies. The D—D fusion cross section increases by over 20 orders of
magnitude as the relative speed ranges from 0.1 a.u. to 1 a.u. Thus a small number of
high- speed collisions between deuterium atoms can lead to an enormous enhancement in
the number of fusion events.

We propose that the distribution of high-energy particles during the cluster impact
event, f(E), is a decaying exponential function of energy, f(E) ~ exp(—E/Eo). The scaling
energy Eo is obtained by assuming that the total cluster incident energy is shared between
the cluster and a small number of target atoms, and the number of target atoms is about 2
or 3 times the number of cluster atoms. For a cluster of 100 D2O molecules, this leads to a
choice of Eo « 500 eV; using the standard Gamov form for the fusion cross section, the
fusion rate is calculated to be very close to the observed value. This model also correctly
predicts the very strong, nearly exponential, increase in fusion rate as a function of incident
cluster energy for a fixed cluster size. For constant cluster sizes it qualitative explains the
decrease in fusion rate for both large and small clusters. For small clusters of ~20 D2O
molecules, the cluster size is comparable to the mean free path between collisions of the
individual particles making up the cluster, thus energy is dissipated quickly away from the
impact spot and very few particles are elevated to high velocities. For large clusters of
1000 or more molecules, the energy is spread over too many particles during the impact
process, again resulting in negligible numbers of particles becoming excited to sufficiently
high velocities to undergo appreciable fusion.

iR. H. Beuhler, G. Friedlander and L. Friedman, Phys. Rev. Lett. 63,1292 (1989).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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A Model for Cluster—Impact Fusion

Oakley H. Crawford
Health and Safety Research Division, Oak Ridge National Laboratory

Recently, Beuhler et al.1 reported the observation of fusion f̂ om impact of
accelerated (D2O)n* clusters on TiD. Novel methods of achieving nuclear fusion have of
course been of great interest since the claimed discovery last year of cold fusion, and this
latest report is certain to stimulate continued widespread interest in phenomena attending
the penetration of charged particles in solids.

The purpose of the present work is to develop a simple model for cluster impact
fusion, to calculate d—d fusion yields from it, and to compare with experiment. It is
assumed that clusters break up on impact with the TiD target, whereupon deuterons and
oxygen ions penetrate the solid. The nuclear and electronic stopping powers of the medium
are assumed to have their usual values.

In preliminary calculations, the nuclei are assumed to move independently of each
other. The continuous-slowing-down approximation is made. Yields are computed for
bare deuterons, and for clusters of up to 50 molecules, each accelerated to 300 keV.
Computed yields are below the experimental ones (in which n > 20) by a huge factor. At

n = 50, the two differ by 18 orders of magnitude! The calculations also illustrate the
necessity of excluding low—mass, deuterium-containing ions from the accelerated beam in
such an experiment. (This problem is considered in detail by Beuhler et al.) Thus, the
fusion yield expected from 300-keV D2O* (or D3O

+) and D* are, respectively, 102 and 105

times as large as the yields measured for 300-keV clusters.

Next, we consider mechanisms by which the relative energy of pairs of deuterons are
increased. The fusion cross section is such a strong function of energy that fusion
presumably occurs mainly as the result of highly improbable collisions or collision
sequences that increase the d-d relative velocity. The simplest mechanism along these
lines is a two-collision one, of which there are two cases. In the first case, a deuteron from
the beam is backscattered by a target Ti atom, and then reacts with another beam
deuteron. In the second case, an O atom in the beam collides with a target deuteron,
scattering it in the forward direction, after which it reacts with another target deuteron.
In both cases, the d-d relative velocity is almost twice as high as the beam velocity. There
are three analogous three—collision mechanisms, each of which increases the d—d relative
velocity by a factor of nearly three. Owing to the strongly peaked form of the cross
section, the fusion yields from these mechanisms may be expressed analytically.
Preliminary calculations indicate that two— and three-collision mechanisms are the
dominant ones for 300—keV clusters with n ~ 50.

Further calculations are needed to determine whether the few—collision mechanisms
outlined above can account for fusion upon impact of small (D2O)n* clusters on TiD at
about 300 keV. The theory could be tested by experiments in which heavy atoms are
absent from the beam or the target, or both.

*IL J. Beuhler, G. Friedlander, and L. Friedman, Phys. Rev. Lett. 63,1292 (1989).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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Thoughts on Cold Fusion

Oakley H. Crawford
Health and Safety Research Division

Oak Ridge National Laboratory

Reports of so-called cold fusion have excited scientists, as well as the public, for the
past eleven months. Although the intensity of interest has diminished in most quarters,
there are still research groups working in this area, and positive results are still
occasionally reported. This informal report represents the personal opinion of the author,
who investigated possible mechanisms for cold fusion, in the earliest days, but who is not
aware of a convincing theory for room—temperature fusion. A detailed review of the status
of cold fusion research is given in the report of the Cold Fusion Panel of the U.S. Energy
Research Advisory Board.

The experimental evidence for cold fusion consists essentially of measurements of
excess heat generated in electrolysis of D2O with a Pd cathode. Most experimenters do not
find such an excess, but a few groups report that the energy output exceeds the input (after
taking into account the energy of electrolysis) by a few per cent. When nonzero excess
power is reported, it is usually at least 1 Watt.

The excess heat is attributed to fusion, by default, as the integral amount of heat
involved is too large for any other proposed mechanism. If this is correct, it poses two
questions for theory. Theory suggests that in a cold-fusion cell whose 0.5 cm3 Pd cathode
is loaded with D to a 1:1 atomic ratio, the fusion rate should be perhaps 10-so reactions per
second. However, to generate 1 Watt by d—d fusion requires 2 * 1012 reactions per second.
So the first question is, how could so much fusion occur. Supposing that 1012 d-d fusions
per second did indeed occur, enormous fluxes of neutrons and gammas should be observed,
as well as other products, in sharp contrast to experimental findings.

Many physical mechanisms have been proposed to overcome the above problems,
but none of them has at this time been accepted. Several of these mechanisms were
examined in the discussion.

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR2H00 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.
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Plasmon Decay

R. H. Ritchie
Health and Safety Research Division

Oak Ridge National Laboratory

The manner in which a collective mode such as a plasmon decays into single-particle
states is of great interest in condensed matter physics. Some theoretical work has been
done by Glick and Long1 on valence plasmon decay in an electron gas by the channel in
which there are two electron-hole pairs in the final state. Rosier and Brauer2 have
evaluated the probability for valence plasmon decay in aluminum metal to a final state
consisting of a single electron-hole pair.

We have considered the decay of volume collective modes in extended condensed
matter in an impact parameter representation.3-4 We employ a transformation of the
differential inverse mean free path (DIMFP) for excitation of the system by a heavy
charged particle. The transformation taxes one from momentum transfer to a
complementary space-like variable. This spatial variable is interpreted as the impact
parameter. The DIMFP, differential in impact parameter, is expressed in terms of the
response function of the medium, and is evaluated numerically for the free-electron gas
model. Experimental data on scanning electron microscopy generally shows high spatial
resolution. This may be understood on the basis of our theory even if most of secondary
electron emission is due to plasmon decay. The presence of large momentum components
in the electron-valence band interaction spectrum accounts for the narrow spatial
extension of the decay process.

We have also considered the possibility of radiative decay of volume plasmons
created by a swift ion traversing a metal. Such photon—plasmon coupling is assumed to be
due to conduction electron scattering on lattice ions and is computed in terms of the pair
distribution function of the metal and a pseudopotential representation of the electron-ion
scattering process. We find that radiation emitted via this decay may dominate other
photon emission mechanisms in a range of photon energies somewhat above the nominal
volume plasmon energy.

iA. J. Glick and W. F. Long, Phys. Rev. B 4, 3455 (1971).
3M. Rosier and W. Brauer, Phys. Status Solidi B 148, 213 (1988).
3R. H. Ritchie, R. N. Hamm, J. E. Turner, H. A. Wright, J. C. Ashley, and G. J. Basbas,

International Journal of Radiation Applications and Instrumentation: Part
D-Nuclear Tracks and Radiation Measurements, in press (1989).

4R. H. Ritchie, A. Howie, P. M. Echenique, G. J. Basbas, T. L. Ferrell, and j . C. Ashley,
Scanning Electron Microscopy, in press (1990).

This material is based upon work supported by the National Science Foundation under
Grant No. INT-8716311, and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc. The government has certain rights in this material.



This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Techni-
cal Information. P.O. Box 62, Oak Ridge. TN 37831; prices available from (615)
576-8401. FTS 62*8401.

Available to the public from the National Technical Information Service. U.S.
Department of Commerce. 5285 Port Royal Rd.. Springfield, VA 22161.

NTIS price codes—Printed Copy: _ M L Microfiche A01

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily consti-
tute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or rellect those of the United States
Government or uny agency thereof.


