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Self-focused laser filament tracks in various glasses and polymers were chemically etched to produce
conical voids in a manner similar to the etching of charged-particle tracks in these same materials. The
etched filament cones were related to the sharpest Cf25? fission-fragment cones by roughly the same ratio of
cone angle for all the different materials tested. One interpretation of this observation is that the same
damage mechanism operative in the charged-particle-track formation, ionization, is also operative in the
formation of filament tracks. The sharper cone angle indicates a higher damage intensity for filament
formation than for particle-track formation consistent with the theoretical estimates for energy deposition in
the two processes. Annealing studies of the filament tracks show that filament-track fading occurs at much
higher temperatures than required for the fading of fission tracks for several of the materials. This is
qualitatively in agreement with the observation that higher-energy deposition rates from highly ionizing
particles result in tracks which require much higher temperatures for track fading than for tracks formed by
less-ionizing particles. Etching reveals an important difference of the filament tracks from charged-particle
tracks: The surface of the etched cones is not smooth, but varies periodically in diameter along the track
(approximately with cylindrical symmetry). Examination of unetched filament tracks with high magnification
and reflected light reveals that the filaments contain a rapidly modulated damage component along the
length of the track in all the materials tested. The observed periodicity is quite uniform and seems to be
characteristic of the material irradiated. The characteristic period length in fused silica, for example, was
measured to be 1.5 u. This small-scale periodicity in solids seems to be similar to the periodicity observed

by Brewer and Townes for filaments formed in liquids.

INTRODUCTION

The formation of filamentary tracks in trans-
parent media by the passage of an intense laser
beam has been observed for a number of years,
A variety of nonlinear mechanisms can become
operative at high light intensity and cause the la-
ser beam to collapse to a small diameter of a few
wavelengths., This self-focusing effect is reason-
ably well understood, and in optical glass a theory
based on the electrostrictive effect has been given, 2
In solid transparent dielectrics the very high light
intensities which result from self-focusing lead
very often to the formation of damage tracks such
as have been described by a number of workers.®
A recent careful study of filamentary damage
tracks in various glasses and polymers is de-
scribed by Steinberg.? In that study and in the pre-
vious reports, the damage trails were observed
visually. In the present work we use the technique
of chemical etching to further characterize the
filamentary tracks in various materials,

In the presence of an intense light field, several
processes may play a role in the formation of per-
manently damaged regions of material, These in-
clude avalanche ionization, stimulated Brillouin
scattering, and multiphoton absorption,? An ex-
plicit identification of the damage mechanism in
filamentary tracks has not been made. Recently,
Bloembergen® has suggested that avalanche ioniza-
tion limits the maximum power flux density and
therefore the minimum diameter of self-focused

1

i

filaments in liquids and solids, If ionization is
indeed important in laser filaments, an interesting
analogy can be made between laser damage tracks
and the damage tracks observed in solid dielectrics
after passage of energetic charged particles, In
particular, since the etching of charged-particle
tracks has been so successful in identifying and
characterizing such particle tracks, it suggests
that etching may be a fruitful technique in the study
of laser filamentary tracks as well.

We have successfully etched filamentary laser
tracks in a variety of glasses and one polymer,
polymethyl methacrylate., Cone-shaped voids re-
sult from etching, The cone angles were observed
to be constant along the track, except for a small
periodic variation, and were characteristic of the
material. The cone angles of the filamentary
tracks were correlated with the observed minimum
cone angles from Cf?® fission-fragment tracks in
the different materials. Since it is believed that
ionization is the principal process in charged-
particle-track formation in inorganic solids, ® the
similar behavior of filamentary track etching in
different materials suggests that intense ionization
processes are probably occurring inside the laser
filaments, Furthermore. etched laser tracks may
be useful in applications requiring long tapered
holes of small diameter and constant taper. As an
example, a current application of small diameter
holes obtained by the etching of fission-fragment
tracks is in submicroscopic particle detection by
the resistive-pulse technique.” Last, we describe
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TABLE I, Type of damage and etching conditions for the different materials.

Material

Type of damage

Etching conditions

Stacked microscope slides

Fused silica (onoptical grade)

Surface damage only

Gross fractures, no

48% HF, 10 min
48% HF, 10 min

small-scale filaments

Fused silica (optical grade)
Phosphate glass

Soda lime glass

Numerous filamentary tracks
Few filamentary tracks

Numerous filaments and

48% HF, 10 min
48% HF, 10 min
48% HF, 10 min

multiple filaments

Polycarbonate (Lexan)

Burning across beam cross

6.25N NaOH

section, no filaments

formed

Polymethyl methacrylate (Plexiglas)

Numerous filamentary tracks

Saturated KMnO, at
85°C for up to
10 h

the observation of a rapid periodic variation of vis-
ible damage along the length of the filamentary
tracks formed in these experiments.

IRRADIATION

The output of a Korad K-1Q @-switched ruby la-
ser was focused into the various samples bya 7-cm
focal-length lens. The entrance face of the sam-
ples was maintained well away from the focal point
in order to prevent surface sparking. The laser
used did not oscillate in a single axial mode and
therefore the beam shape was not expected to be
Gaussian, As a consequence, in addition to single
filaments often multiple filaments were also formed
after a laser pulse. Therefore, exact quantitative
data on power loss in a filament are not possible
from the data below. Most laser shots were at a
peak power level of 10 MW in 20 nsec. To allow
intercomparison of results, laser shots were set
to this power level as far as was possible. How-
ever, for the fused-quartz experiment an ambiguity
in the data recording may in fact have resulted in
irradiation with an 18-MW pulse of 20-nsec length
instead of the usual 10 MW, Because exact quanti-
tative power data in the filamentary formations are
not possible in these experiments, we treat those
results as at equivalent power levels. Examination
of the burn pattern in a plastic, Lexan, shows a
fairly even laser-power distribution across the
beam without hot spots.

TRACK-ETCHING RESULTS

Various irradiation experiments are summarized
in Table I. Successful track formation in a given
material was followed by chemical-etching proce-
dures as indicated in the table, The etchants used
were identical to those used for fission-fragment
tracks. The most difficult material to etch, both

for fission fragments and for laser filaments, was
polymethyl methacrylate. The small resulting
cone angle and the accompanying surface discolora-
tion due to the etchant KMnO, made observation of
the tracks difficult, and the long etching times re-
quired made this material tedious to study. The
etching of the inorganic glasses was, however,
quite straightforward.

Briefly, the etchant dissolves material along the
damage trail more rapidly than along undamaged
regions. As a result, after the etch a conical void
is produced. The observed cone angle 6, defined
as the angle between the axis of symmetry and the
cone surface, is given by arcsin(V,/V,), where
V, is the general attack rate and V; is the attack
rate along the track.® For the same material and
the same etchant, the cone angle has been shown
to decrease with increasing ionization density by
a charged particle.® Indeed, for energetic parti-
cles the cone angle changes along the length of the
track as the particle slows down and stops, being
larger at the entrance and decreasing to a minimun
value near the stopping point of the track (as has
been observed for heavy-ion-irradiation experi-
ments). °

For the laser filaments we would expect a nearly
constant energy loss per unit length along a short
(1 mm or shorter) section of the track, and there-
fore a nearly constant cone angle. This is indeed
observed in our experiments. The fused silica in
Fig. 1 shows an etched cone which has a well-de-
fined cone angle. However,a modulation of the
damage along the track is evident, as is indicated
and amplified by the etching. This effect will be
described in more detail below. Hole boring by a
long etch of soda lime glass is illustrated by Fig.
2. Here the etchant has broken through from both
sides to form a clearly visible hole in this head-
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Filamentary track in fused silica after etching

FIG. 1.
with 48% HF for 20 min. A portion of the original track
has etched into a conical shape; the remainder is unetched.

on view of the track. The results indicate that it
is possible to produce holes of nearly constant
taper by this etching technique. The cone angle
depends on the choice of material and (presumably)
on the etchant used. In principle, the minimum
hole size could be that of the filament track itself
from 3 to 1 u in diameter.

The geometrical results of etching of laser fila-
ment tracks are summarized in Table II and com-
pared to the etching geometry of fission-fragment
tracks in these same materials using the identical
etchants, We note that the cone-angle relationship
between filament tracks and the fission tracks is
nearly identical for the different materials. Fused
quartz may be an exception from the general trend
exhibited by the other materials or may merely
reflect the variation of the laser pulse repro-
ducibility mentioned above.

ANNEALING OF TRACKS

By exposing fission-fragment irradiated mate-
rials to a high enough temperature for an appro-
priate duration of time it is possible to cause the
tracks to fade partially or to disappear altogether.
When tracks have partially faded, etching produces

FIG. 2. End-on view of a tapered etched laser track
through a 0.13-cm soda lime glass plate etched for 1.94
x10° sec in 5.7% HF. The mouth diameter is 510 p; the
constriction diameter is 39 pu.

larger cone angles; and when they have fully faded,
no preferential etching takes place. Also, it has
been found that the-annealing character changes
with the degree of damage caused by the charged
particle, Tracks from more highly ionizing particles
require higher temperature and longer exposure
times to fade to the same degree than do those from
less-ionizing particles, 1%1!

Table III presents annealing results for three
materials and compares these data with known fis-
sion-track results. For both fused quartz and soda
lime glass, filamentary tracks are retained to
considerably higher temperatures than are fission
tracks. In the plastic, filament tracks persist all
the way to the softening point of the material, as
was the case for fission-fragment tracks in Lexan, 8
a slightly less sensitive polymer,

After 1 h at 1300 °C the fused-quartz samples
were etched again, Many of the tracks failed to
etch further, some etched with a much larger cone
angle, and some persisted to etch through but in a

TABLE II. Comparison of cone angles for etched tracks in laser-irradiated and Cf25%-figssion-fragment-irradiated
materials.

Minimum filament

Minimum fission-fragment

Material cone angle, 6 cone angle, 0;¢ 04/ 0s5
Polymethyl methacrylate 0.75° 1.5° 0.5
Phosphate glass 1.4° 3.3° 0.42
Fused quartz 6.0° 19° 0.32

30° 0.5

Soda lime glass 15°
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FIG. 3. View of track etched in fused silica after the
laser-irradiated silica glass was subjected to 1300 °C for
1h,

nonuniform channeling way. The hypodermic-nee-
dle shape in Fig. 3 shows the latter behavior, Ev-
idently the annealing process partially repairs dam-
age intermittently along the track, causing a tem-
porary stopping of the track etching. With contin-
uing etching this repaired region is broken through
by the general chemical attack, whereupon prefer-
ential etching proceeds to the next repaired point
along the track. The etched tracks which show a
larger cone angle indicate that in those cases the
annealing has taken place on a finer scale. The
blocked tracks, on the other hand, are indicative
that in those cases rather extensive annealing of
the damage in a particular region had taken place,

DAMAGE MODULATION

Although most filaments in these materials look
like long uniform lines of altered material, under
high magnification and with reflected light it is
possible to see small-scale periodic variations
along the filamentary track. The variations in re-
flected light along the track are the easiest to see
under these conditions, but in some cases it is
possible to see the track vary periodically in diam-
eter, comparable to linked sausages on a string.
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FIG. 4. Replica of etched filament track in fused silica.
Track was etched for 20 min in 48% HF.

The remarkable feature is the regularity of the
variations and the small dimension of the period-
icity—on the order of a few microns.

The chemical etching of the filaments magnifies
the varying structure that can be observed micro-
scopically. Figure 4 shows a replica of an etched
track in fused silica. (Replication!? is for the con-
venience of observation and is performed by letting
silicone rubber flow into the conical void, allowing
the rubber to cure, and then withdrawing and gold
plating the resulting track replica.) It differs
markedly in appearance from a charged-particle
track such as that shown in Fig. 5; there are cylin-
drical variations of track diameter along the etched
filament, whereas the surface of the charged-par-
ticle track is quite smooth. This is indicative that
filamentary formation involves periodic damage
modulation along the filament, at least in the cases
studied here.

The regularity of the longitudinal fine-scale
structure of the filaments is shown for Plexiglas
and fused quartz in Fig. 6. A histogram of the in-
tervals between successive variations in observed
light intensity for the various materials shown in
Fig. 7 indicates two principal observations: (a)
There is remarkable regularity in the variations

TABLE III. Comparison of the effects of heating on fission tracks and laser-filament tracks.

Laser filaments

Material Partial fading

Fission-fragment tracks

Complete fading Complete fading

1hat 1300°C
2 h at 600°C
>200°C

Fused silica?

Soda lime glass®
Polymethyl methacrylate
Polycarbonate®

1h at 700°C
1hat 370°C

3 h at 1400°C

>185°C

2Fission-fragment data in R. L. Fleischer and P. B.
Price, J. Appl. Phys. 34, 2903 (1963).

bReference 8.
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FIG. 5. Replica of a 700-u-long etched track made in
an Apollo space helmet by a cosmic-ray zinc ion. The
track was etched for 196 h in 1 part 6.25N NaOH to 1 part
ethanol (Ref. 12).

along the track; (b) the periodicity is on a very
small scale., In fused quartz, for example, the
average interval between successive modulated

& fo
p

FIG. 6. Highly magnified views of small-scale struc-
ture along laser filaments. (a) and (b) Fused silica with
strong modulation; (c) Plexiglas with strong modulation;
(d) Plexiglas, a different track with a longer modulation
spacing; (e) Plexiglas track which shows small-scale
weak modulation along the length of track.

portions of the filament is 1.5 u. The regularity,
the small-scale aspect, and the fact that etched
particle tracks do not show the modulation establish
that the observed structure is not due to material
variability but rather arises in the process of fila-
ment formation itself.

Brewer and Townes!® have previously observed
small-scale regular structure in filaments formed
in liquids. The periodic structure in that case was
shown to be due to the generation of strong Raman-
frequency components together with the generation
of standing waves with a period determined by the
Raman frequency shift. The period length of the
observed filament structures was 4.1 p in CS;, and
2.4 u in a mixture of CS,; and nitrobenzene. The
generation of standing waves and strong stimulated
Raman light shifted from the laser line by 656 cm™
for CS, and 1344 cm™! for the nitrobenzene mixture,
explained well the filamentary structure.

We may conjecture that in the present case the
periodicity may also arise from the generation of
new frequency components which beat with the la-
ser light, It is, however, difficult to prove with-
out direct measurement of the spectrum within a
filament because there are numerous Raman lines
in these solids and it is difficult to know which
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FIG. 7. Examination of the relative spacing between
filamentary structural components along the filament
length. (a) Fused quartz; (b} small-scale component in
Plexiglas; (c) larger-scale modulation which sometimes
is quite visible in Plexiglas and is also shown in Fig. 6(d);
(d) soda lime glass.
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Raman line will dominate in the stimulated Raman
process during filament formation, Polymethyl
methacrylate has a strong Raman line at 1161
cm™,* If we assume an index of refraction
n + 6n of about 1, 6 within the filament, then the
spatial beat period of this light with the laser light
is about 2.6 u, in agreement with the results shown
in Fig, 7(b). Light flint glasses similar to the soda
lime glass used in this experiment have a strong
Raman line at about 800 cm™,*® Light of this fre-
quency shift would result in a spatial beat period
of 3.8 pu for n + dn~1.6, again in agreement with
the results shown in Fig. 7(d). On the other hand,
fused quartz has strong Raman lines at ~ 800 and
~1200 cm™, but only weak lines were observed for
larger Raman shifts (1400-1600 cm™).® There
is evidently no strong Stokes line which could be
directly implicated in the formation of the short-
spatial-period structure of fused-quartz filaments.
The temporal modulation of the incident laser
pulse must next be considered as a possible cause
of the observed filament structure. Giuliano and
Marburger!” have observed discrete damage re-
gions along a filament near the focal point when
the incident pulse consisted of several modes
spaced 7.5 x 10% Hz apart. The spatial distance
between the discrete damage regions did not appear
to be uniform, but on the average was about 500 p.
In the experiments reported here, we did not mea-
sure directly the spectral width of the laser pulses.
However, the laser configuration used (consisting
of two etalons for output coupling) was previously
known to have a spectral width of about 0. 1 A or
better. Therefore, by analogy to the results of
Giuliano and Marburger, we may expect that such
a spectral width could lead to temporal modulation
producing spatially periodic damage regions of
60- u-period length. In fact we see period lengths
of 1,5-2 u for fused quartz, 2.5-3.0 u for Plexi-
glas, and 3-4 u for soda lime glass. For these
reasons, in addition to the strong dependence of the
observed period on material, it is quite unlikely
that temporal modulation of the incident pulse had
caused the filament structures.

ANALOGY BETWEEN LIGHT TRACKS AND PARTICLE TRACKS

It is appropriate to ask whether the damage mech-
anism of coherent self-focused laser beams is a
unique one or merely a variant on some other mech-
anism, such as is responsible for charged-particle
tracks in solids. Unfortunately, we cannot test
either possibility with rigor using only the presently
known experimental facts., We can, however, point
out qualitative similarities between filamentary
tracks and particle tracks which make tenable the
position that the quantitative differences which ex-
ist are the result of the greater intensity and ex-
tent of damage in the case of laser tracks.
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We can intercompare three properties of laser
filamentary tracks and a particular type of intense
charged-particle tracks—caused by fission frag-
ments. The properties are size, intensity of dam-
age (measured by etching rate), and ease of repair
(measured by response to heating). Laser filaments
are ~10"* cm in diameter and fission tracks ~ 10
cm, 1 3 ratio of 10! in the volumes of affected
material per unit length. The comparative etching-
rate data given in Table II show that light tracks
consist of somewhat more intensely damaged ma-
terial than do fission tracks—the observed ratio of
the etching rates of fission tracks relative to light
tracks being given for all four detectors by 0. 42
+ 0,10, a remarkably constant value, Here the
cone angle 6 decreases as the extent of the damage
(and hence the chemical reactivity) increases, 2°

For the annealing data of Table III the results are
consistent in each material with the light tracks
being similar to the particle tracks, but being larg-
er and more intense. The property of the etching
rate increasing with damage intensity is extensively
documented, 20 35 is the fact that less-intense tracks
anneal out at lower temperatures—tracks of recoil
nuclei at lower temperatures than fission tracks, °
and iron-group cosmic-ray nuclei at lower temper-
atures than fission tracks.!! Laser tracks, since
they are both more intense and greater in extent,
would therefore be expected to persist to higher
temperatures than do fission tracks, Without a
successful explicit theory of annealing, it is not
possible to explain quantitatively the observed mag-
nitudes of the track annealing temperature dif-
ferences between filamentary tracks and fission
tracks. Inparticular, the damage intensity increase
with ionization, as judged by the resulting etching
rate, may vary greatly from one material and one
etchant to another, 2° thereby complicating the quan-
titative interpretation of the results given in Table
III, It should be noted, however, that the intermit-
tent nature of the partially annealed light tracks
(as displayed in Fig. 3) is similar to the behavior
of annealed fission tracks in mica.®

An estimate of the minimum energy deposit need-
ed to produce a light track is derivable from the
paper by Steinberg* which gives an energy loss of
~5 % 10* eV/cm® for fused silica. For compari-
son, a full-energy-light fission fragment deposits
~4 x 10* Mev/cm or 5 x 10?2 eV/ cm® in a diameter
of 70 A, ® assuming that about half of the energy
loss is within that diameter. Thus, light tracks
result in greater specific energy deposit over the
etched region, and also occupy a larger diameter,
With fields estimated to be 10’-10% V/cm, an elec-
tron, if loosened, could be accelerated to 10°-10*
eV within the track region, reaching peak energies
comparable with those of the 6 rays produced by a
fission fragment,
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One alternative mechanism that might be sug-
gested is that the filament is simply a region that
has been heated to a high temperature and then rap-
idly cooled by conduction and radiation into the ad-
jacent unheated material. The energy deposit just
quoted implies transient temperatures in excess of
10 °K, and the subsequent rapid cooling of the
glass would be expected to quench in structures
corresponding to a high-specific-volume high-tem-
perature glass. The observed temperatures of
600 and 1300 °C for removing laser filaments from
soda lime glass and silica glass are in fact very
close to the temperatures required® to lower the
glass viscosity to the ~ 10'® poise needed for stress
relief—which would allow the filaments to revert
to their normal low-temperature lower-specific-
volume form. By the oblique-illumination method, #
the filament tracks are inferred to be of lower in-
dex of refraction than the surrounding glass® both
for fused quartz and for soda lime glass, the two
glasses so examined. These observations, there-
fore, do not exclude the above model but neither do
they contradict the ionization model.

E. E. UZGIRIS AND R. L. FLEISCHER
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CONCLUSION

It is now most generally believed that the varia-
tion of cone angle in different materials after etch-
ing of charged-particle tracks is best explained by
an ionization-damage process (or, for organic sol-
ids, an excitation plus ionization®), Because of the
correlations between etched laser tracks and fis-
sion-fragment tracks in the different materials, it
is tempting to conclude that ionization is implicated
as an important damage mechanism in the propaga-
tion of self-focused laser light in a solid dielectric,
Although, as noted earlier, we cannot rule out as
yet unspecified alternatives, the experimental
facts of which we are aware are consistent with
light tracks and particle tracks being of the same
type of solid-state damage, differing only in intensity.
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FIG. 1. Filamentary track in fused silica after etching
with 48% HF for 20 min. A portion of the original track
has etched into a conical shape; the remainder is unetched.



FIG. 2. End-on view of a tapered etched laser track
through a 0.13-cm soda lime glass plate etched for 1.94
% 10° sec in 5.7% HF. The mouth diameter is 510 p; the
constriction diameter is 39 u.



FIG. 3. View of track etched in fused silica after the
laser-irradiated silica glass was subjected to 1300 °C for
1h.



FIG. 4. Replica of etched filament track in fused silica.
Track was etched for 20 min in 48% HF,



FIG. 5. Replica of a 700-p-long etched track made in
an Apollo space helmet by a cosmic-ray zinc ion. The
track was etched for 196 h in 1 part 6.25N NaOH to 1 part
ethanol (Ref. 12).



FIG. 6. Highly magnified views of small-scale struc-
ture along laser filaments. (a) and (b) Fused silica with
strong modulation; (c) Plexiglas with strong modulation;
(d) Plexiglas, a different track with a longer modulation
spacing; (e) Plexiglas track which shows small-scale
weak modulation along the length of track.



