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namely, N =2.4, T =1.2&10 "sec, for which a
Drude-type model was used also.

A more complete discussion of the results and

a description of the methods used to treat the da-
ta, including procedures used to unfold the natural
absorption profile, will be communicated else-
where.

The authors wish to thank Dr. L. Marton, Chief,
Electron Physics Section, for his encouragement;
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FIG. 1. The real part &~ and the imaginary part ~2
of the complex dielectric constant for aluminum; x,
from the experimental electron energy loss absorption
spectrum; o, from the experimental electron energy
loss absorption spectrum plus the 5 Vc contribution at 7
eV; &, from the experimental electron energy loss ab-
sorption spectrum plus the 10 ~ic contribution at 30 eV;

, the Drude-type model e~
—-1-(dp 7. /(1+~ ~ ), and

&2=(1/(d7)r(dp T /(1+~ 7 )], with 6 =2.6 and 7= 1.l
x10 sec.
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Transmission electron microscope studies on
the interaction of energetic fission fragments
with thin films have yielded some interesting re-
sults. The outstanding feature observed in fis-
sion-fragment-irradiated thin films' has been
the appearance of tracks which are indicative of
the removal of material from a region of the
order of 100 A around the path of the fission
fragment. The tracks are thought to be the re-
sult of localized heating and vaporization, but

it is not understood why the lattice reaches a
high enough temperature to cause vaporization.
The present study presents a model of track
formation and experimental evidence based on
observations on Au and Al.

Single crystalline and polycrystalline (100A
average grain size) Au films of approximately
50A thickness and polycrystalline (100A average
grain size) Al films, 20 and 50A thick, were ir-
radiated with fission fragments from a U-foil.
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After irradiation none of these films showed fis-
sion-fragment tracks.

Fast-moving fission fragments lose energy
mainly by electronic excitations. If one con-
siders the rate of energy transfer from these
electrons to the lattice and the rate of diffusion
of these electrons, it can be shown that the maxi-
mum temperature attained by the lattice along
the path of the fission fragment is not high
enough to cause vaporization. ' ' This is in agree-
ment with the experimental results reported
here. If, however, the specimen consists of iso-
lated particles rather than a continuous film, dif-
ferent results can be expected. A fission frag-
ment passing through one of these particles will
excite electrons along its path. As in the case of
the continuous film, the cylindrical region of ex-
citation will be approximately 10 cm in di-
ameter and the electrons will be excited to a
mean energy of the order of 20 eV' and will
transfer energy very rapidly to neighboring
electrons, the mean free path being of the order
of 10 ' cm. However, the physical dimensions
of the particle will restrict the diffusion distance
of the electrons and in effect concentrate energy
to the dimensions of the particle. The excited
electrons can escape from the surface of the
particle if their energy is greater than the work
function @. Electrons of lower energy have only
a small probability of escaping to a neighboring
particle by a tunneling process. Thus, the ma-
jority of the excited electrons whose energy is
less than that of the work function will be trapped
in the particle, raising the lattice temperature
to a value Determined by the number and mean
excitation energy of the electrons and the size of
the particle. If one assumes reasonable values
for the work function and heat of vaporization,
namely, 5 eV and 4 eV, respectively, it can be
seen that one excited electron per atom with an
average energy of 4 eV is sufficient to cause
vaporization. Although the work function general-
ly exceeds the heat of vaporization/atom, this
is not a limiting factor because generally more
than one electron can be excited. It hould be
noted that the escaping electrons will cause a
potential difference between the particle and
the surroundings and will therefore increase
the potential barrier above the value of the work
function. The electrostatic charges will also
cause the material to be preferentially rede-
posited in the vicinity of the track.

Some modifications in the model are required
if the voids between the particles are the metal

oxides. If the layer is thick enough and if there
is sufficient periodicity to permit the use of a
band model, the determining factor for retain-
ing electrons in the metal is not g, but the en-
ergy difference between the Fermi surface in
the metal and the bottom of the conduction band
in the oxide. If there are only a few atomic
layers of oxide, the isolated-particle model
might be a better approximation, but the in-
fluence of the dipole moment of the oxide layer
on the value of P has to be considered.

Let us now consider electron excitations in
insulators and semiconductors. In this case
only transitions from the valence band to the
conduction band are allowed, thus resulting in
a higher mean energy of the excited electrons.
The excited electrons will spread out much in
the same way as in a metal, but initially there
will be a large fraction of the valence electrons

O

removed in a cylinder of -10A diameter around
the path of the fragment. Thereby direct trans-
fer of energy to the lattice atoms is possible,
provided the time lag between electron excita-
tion and electron capture is large enough (~10 "
sec}. If we apply the isolated-particle model to
non- or semiconductors we find that vaporization
will be favored in materials where the energy
gap 5 between valence and conduction band is
small and where p- 5 is large.

Figures 1 and 2, consisting of isolated islands
of Au on a carbon backing, clearly show the im-
portance of particle size in track formation.
The films were irradiated with 6@10' fission
fragments per cm' from a U foil. The larger
particles in Fig. 1 are too big to be vaporized.
Therefore only the smaller and medium-sized
particles have been removed by passing fission
fragments. In Fig. 2 even the largest particles
are small enough to be vaporized when passed
by a high-energy fission fragment. Therefore
"tracks" are visible in Fig. 2. Not only the
particles in the immediate path of the fragment
have been vaporized but also adjacent particles,
due to the action of secondary electrons.

Previous investigators have been puzzled by
irregular and tapering track widths. In each
instance of this, however, the particle diameters
were smaller than the track widths. It would
seem that the isolated-particle model suggested
here is applicable in these cases and would ex-
plain the observed anomalies.

We would like to thank T. H. Blewitt, R. K.
Hart, and D. Van Ostenburg for valuable dis-
cussions, and we are grateful to L. B. Singer
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FIG. 1. Fission-fragment damage in film of non-
coherent gold particles on carbon backing. Thickness
of Au particles is approximately 35 A. The white spots
were occupied by gold particles prior to irradiation.

FIG. 2. Fission-fragment tracks in film of isolated
particles of Au on carbon backing. Particle thickness

0
approximately 20 A.

for his assistance in performing the experi-
ments.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

T. S. Noggle and J. O. Stiegler, J. Appl. Phys.
31, 2199 (1960).

T. K. Bier1.ein and B. Mastel, J. Appl. Phys. 31,
2314 (1960).

3J. J. Kelsch, O. F. Kammerer, A. N. Goland,
and P. A. Buhl, J. Appl. Phys. 33, 1475 (1962).

4T. S. Noggle and J. O. Stiegler, J. Appl. Phys.
33, 1726 (1962).

F. Seitz and J. S. Koehler, Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic Press,
Inc. , New York, 1956), Vol. 2, p. 305.

~J. Ozeroff, U. S. Atomic Energy Commission Re-
port AECD-2973, 1949 (unpublished).

I. M. Lifshits, M. I. Kaganov, and L. V. Tana-
tarov, J. Nuclear Energy 12, Part A, 69 (1960).

J. Ozeroff gives a value of 90 eV; however, this
value is too high according to our calculations.

152






