
ruerer puurc}ilsi:: ffi llTlTlllillll,.l,il;;::-:iJi#,1X?

Experimental investigation of optical breakdown thresholds in ocular media
under single pulse irradiation with different pulse durations

F. Docchiol, C.A. Sacchil, and J. Marshall2
lCentro di Elettronica Quantistica e Strumentozione Elettronica del CNR, Istituto di Fisica, Politecnico di
Milqno, Milan, Italy;2Institute of Ophthalmology, University of London, Judd Street, London, UK

Keywords: Nd:YAG laser, optical breakdown, ophthalmic microsurgery

Abstract

Curves of probability of occurrence of optical breakdown have been plotted in respect to measurements car-

ried out in liquids used as models for ocular media. These studies also included exposures in calf vitreous.
The Nd:YAG lasers used were able to deliver single pulses at the fundamental wavelength with three different
pulse durations, i.e., 7 ns.220 and 30 ps respectively, in three different focusing conditions. The results show

that breakdown threshold intensities increase substantially with decreasing the pulse duration, an observation
similar to that found in solids. In addition, breakdown curves obtained with picosecond pulses are steeper

than those obtained with nanosecond pulses, thus showing that with shorter pulses the process of onset of
breakdown is more deterministic. Impurities are shown to play a decreasing role in the initiation of the pro-

cess of optical breakdown as the pulse duration is decreased.

Finally it has been found that, with tight focusing, the breakdown threshold intensity increases much more
with picosecond pulses than with nanosecond pulses.

The importance of these observations both for the characterization of different laser disruptors and for
the clinical use of the Nd:YAG laser in ophthalmic microsurgery will be discussed.

1. Introduction

Optical breakdown is an extensively studied phys-

ical effect occurring in the interaction between high
power radiation at optical frequencies and matterl .

As a consequence of it, a transition occurs between
the solid, liquid or gaseous phase and a fourth ag-

gregation phase of matter called plasma. This phe-

nomenon is known to take place whenever material
is exposed to electric fields which locally overcome
the ionization field of its components, i.e., atoms

or molecules, which therefore become ionized and
produce the plasma.

Optical breakdown is the basis of the widespread

ophthalmic microsurgical technique of membrane.

disruption by means of Q-switched and mode-
locked laser pulses2-4. A short, tightly focused laser
pulse impinges on the target material (most com-
monly the opacified posterior capsule of the lens)

and produces optical breakdown at the interaction
site. Following the onset of breakdown, mechanical

effects such as a shock wave and hyperacoustic
transients contribute to the disruption of the

membrane.
Ophthalmic microsurgery with Nd:YAG lasers

has developed rapidly since the pioneering works of
Aron Rosa5 and Fankhauser6. There are now a

wide range of laser systems especially designed for
this application, that are commercially available. In
spite of the widespread acceptance, some relevant
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physical and clinical aspects of the technique and of
related potential hazards are ill-defined and require

further attention by physicists and clinicians. The

obvious aim of investigators of this subject is to
make the procedure safe and efficient, with mini-
mal collateral, potentially harmful effectsT-e.

An important aspect of breakdown to be studied

in this respect is its dependence on the duration of
the laser pulse. To date Nd:YAG lasers operating in

two different regimes are applied to ophthalmic

microsurgery: (1) Q-switched lasers, able to deliver

single pulses with pulse widths within a range of
5 to 20 nanoseconds, and (2) modelocked lasers,

which deliver trains of about l0 pulses, each with
a pulse width of about 30 ps, spaced about 3

nanoseconds from one to another. There are poten-

tial advantages and disadvantages in the use of each

of these two sources, which have been carefully
analysed in comparative studies already publish-

.48' 10- 12. However, important physical conse-

quences of using different pulse widths are still to
be investigated.

Between some authors there is agreement that the

initiation mechanism for optical breakdown may

differ when the medium is exposed to nanosecond

or picosecond laser pulses3' 13-'s. However, to our
knowledge there is still insufficient information on

how this can affect the parameters that are of in-
terest for this application, such as the threshold

values and their dependence on the focusing condi-

tions. In particular, comparable data among pulses

of different durations can be obtained only if in all
cases single laser pulses are used. In fact, the use of
pulse trains as in the case of picosecond pulses in-

troduces further variables that prevent a direct

comparison, as for example the existence of partial

mode-locking with a background that varies on a
nanosecond scale, and that can affect the existence

of the plasma between successive pulses.

In this paper we present a detailed analysis of op-

tical breakdown curves obtained with single

Nd:YAG pulses with pulse duration of (1) 7ns, (2)

220ps and (3) 30ps operating at the fundamental

wavelength of 1,064 nm and with different focusing

conditions. Breakdown is induced in liquids which

are accepted analogues of the ocular media, as well

as in isolated calf vitreous. We present these data,

and discuss their relevance for the practice of
ophthalmic microsurgery. The result we feel is
helpful for analyzing the problem of characterizing

different laser disruptorslT.

2. Experimental apparatus

Optical breakdown measurements were performed

by focusing laser pulses of different durations in

cells containing the liquids of interest. Two laser

sources were used for these experiments:

l. a passively Q-switched Nd:YAG laser devel-

oped in our laboratoryl8. This source was par-

ticularly suitable for these experiments, due to a
rather uniform spatial and temporal energy distrib-
ution even in the multimode configuration. In the

Q-switched operation the laser could deliver 7 ns

pulses, with energies up to 200 mJ multimode and

l0 mJ TEMoe, cotr€spording to a peak intensity of
the order of l0r0 W /cm'zin the focal region. To ob-

tain the breakdown curves the pulse energy was

varied by placing a series of calibrated attenuators

in the laser beam path. The energy in each pulse was

monitored with the aid of a pyroelectric detector.

The divergence of the laser beam was 4.5 mRad in

the multimode configuration, and 1.2 mRad in the

fundamental mode configuration.
2. an actively-passively modelocked Nd:YAG

laser system (Quantel Mod. 402), consisting of an

oscillator and two amplifiers which generated single

picosecond pulses with a TEMoo mode structure.

The oscillator delivered a train of picosecond pulses

whose duration could be switched between 220 and

30 ps by changing the resonator length and the

driving frequency of the acousto-optic modulator.
At the exit of the oscillator, the extraction of a

single pulse (the highest in the train) was accom-

plished by an electro-optic switch, triggered by a

suitable delay with respect to the flashlamp trigger-

ing. This pulse was sent to the amplifier stages,

through convenient beam expansion. Pulse energies

of about 660 mJ and 120 mJ at 220 and 30 ps respec-

tively at the fundamental wavelength of 1,064 nm,

were obtained: for breakdown determination only

the 4Vo of this energy was used, extracted from the

main pulse by means of a beam splitter. The pulse
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energy was varied simply by varying the supply
voltage of the flashlamps in the amplifiers. Ac-
curate measurements of the pulse energy were made

by means of a calorimeter. The divergence of this
la.ser was 0.56 mRad both in the 220 ps and in the

30 ps pulse duration.
In the breakdown experiments, the area of the

focal spot was varied, using quartz lenses of dif-
ferent focal length, from l0-5 to l0-3 cm'. The in-

tensity in the focal plane was calculated by dividing
the input pulse energy by the pulse duration and by
the area of the focal spot. This calculation in prin-
ciple could be affected by non-linear optical effects.

Their possible occurrence was investigated, with
nanosecond pulses, using the same experimental
conditions described here16. Self-focusing and

stimulated Raman scattering were not observed,
possibly due to a self-focusing distance longer than
the cell length and to the low gain of the Raman ef-

fect. A stimulated Brillouin effect was indeed

observed with a threshold of about 5 GW/cm':
however, apart from the possible existence of a

sharp leading edge with high peak power, the

average energy associated with the backscattered
pulse was found to be only a few percent of the in-
put energy.

The liquids used were (l) double-distilled water
(Baxter, SpA, Trieste), (2) saline solution (Baxter,

SpA, Trieste), (3) tap water and (4) fresh calf
vitreous: in this last case the measurements were
performed within six hours after sacrificing the

animal. Breakdown curves were obtained by plot-
ting, for each value of the pulse intensity, the prob-

ability of occurrence of breakdown, monitored
either visually or with the aid of a photomultiplier
insensitive to the radiation at 1,064 nm. At least 30

pulses were considered at each intensity, and the

breakdown occurrence probability value was cor-
rected for the pulse-to-pulse instability. Fig. I

shows a typical set of breakdown curves obtained in
this way: it shows, in the case of distilled water and

for an irradiated area of 4.46'x l0-5 cm', the

behavior of the optical breakdown occurrence
probability vs the laser intensity.

From these curves, the following quantities could
be defined:

a. Threshold intensity at 10090, expressed in

'I OO

o 5 10 15 20

lntensity (Wlcm2)
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25x 1O

.Flg. 1. Optical breakdown curves for distilled water obtained

with laser pulses of different time durations, focused on a sur-

face of area 4.46 x l}-s cm'. I: 7000 ps, Y:220 ps, and

l: 30 ps.

terms of intensity (I,i), fluence (Ftr,) and amplitude
(E,n) of the electric field: this was defined, as by

others, as the value of the parameter rvhich is re-

quired to obtain 10090 probability of occurrence of
breakdown.

b. Threshold intensity at 5090 (I'16, F'16, E'16):

the same as in the previous case but expressing the

value required to obtain a breakdown occurrence
probability of 5090.

c. Slopes of the curves ((AIlItn), (AFlFtr.),
(ADlEtn)): they could be expressed as the ratio of
the difference between the two parameters men-

tioned before and the first of the two. This quantity
gives a measure of the steepness of the optical

breakdown curve.

3. Results and discussion

Optical breakdown thresholds for different pulse

widths and in different focusing conditions are

summarized in Table la to ld for distilled water,

saline, tap water and calf vitreous respectively.

From the tables, and given that the curves of Fig. I

are quite similar to those obtained with the other

liquids, we can make the following remarks:
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Table lq. Summary of the optical breakdown threshold measurements for distilled water

Pulse width
(ps)

Focal area

x l0-5
(cm')

Itr X l0ro
(W/cm')

F,n

(J/cm')
D16 x 106

(V,zcm)
AI/It:"
(Perc.)

7000

7000

7000

7000

220

220

220

30

30

30

1.96

6.93

41.5

96.2

1.60

4.46

11.3

1.60

4.46

1 1.3

4.20

3. 10

1.37

1.06

29.46

10.81

3.24

64.13

t5.22
4.84

294

21'7

96

70

65.7

24.11

7.23

20.52

4.87

1.55

4.87

4.19
2.79

2.38

t2.92
7.82

4.28

19.06

9.29
2.53

16.70

32.40

42.20

50.00

21.47

23.60

33.88

14.65

10.'72

7.42

Tsble Ib. Summary of the optical breakdown threshold measurements for saline

Pulse width
(ps)

Focal area

x10s
(cm')

Irn x 1010

(W/cm')
F,r
(J /cm')

D*, X 106

(V/cm)
Al/Itt
(Perc.)

7000

7000

7000

7000

220

220

220

30

30

30

r.96
6.93

41.5

96.2

l 60

4.46

11.3

1.60

4.46

11.3

3.70

2.70

1.30

0.85

24.3

9.19

2.29

60.90

14.60

3.92

236

189

91

59.5

54.2

20.5

5.11

19.49

4.6'.7

1.25

4.59

3.91

2.61

2.20

11.73

7.21

3.60

18.60

8.97

4.'71

32.4

46.6

50.00

4'7.1

18.9

21.1

39.7

15.99

20.47

29.55

Table 1c. Summary of the optical breakdown threshold measurements for tap water

Pulse width
(ps)

Focal area

x l0-5
(cm')

Itr, x 10lo

(W/cm')
F,r'

(J /cm')
!tr, X 106

(v /cm)
Al/lt
(Perc.)

7000

7000

7000

7000

220

220

220

30

30

30

1.96

6.93

41.5

96.2

1.60

4.46

11.3

1.60

4.46

11.3

0.6
0.52

0.34

0.3

25.09

8.32

2.70

63.'7

14.8

4.'.z8

42

36.40

23.80

21

55.95

18.55

6.02

20.38

4.7 4

1.53

1.85

1.72

l 39

l .31

lt.92
6.86

3.91

19.00

9.16

5.20

40.0

41.8

43.44

33.34

20.61

21.56

18.00

14.60

.480

5.41
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Pulse width
(ps)

Table Id. Summary of the optical breakdown threshold
measurements for calf vitreous

7000

7000

7000

7000

220

220

224

30

30

30

1.96

6.93

41.5

96.2

1.60

4.46

I 1.3

1.60

4.46

I 1.3

3.0

2.34

0.91

0.70

24.80

9.41

2.32

64.20

16. l0
3.96

200

160

't20

80

40

o

300

250

200

150

100

50

o

'4
to

Focal area I,r X l0lo
x l0-5 (W/cm'z)

(cm')

Frl 6th x 106 AIlIrh
(I/cm"t (Y/cm't (Perc.)
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210 4.r2
164.1 3.64

63.7 2.27

49.0 1.99

55.3 1 1.85

21.0 7.29

5.17 3.62

20.54 19.O7

5.15 9.55

1.27 4.74

32.3

33. l
41.7

42.86

21.73

25.75

38.34

17.43

21.6

30. l5

a. A higher laser intensity (W/cm') but a lower
fluence (J / cm') is required to achieve threshold for
breakdown in the picosecond regime than in the
nanosecond regime.

b. Breakdown threshold intensities are of the
order of 1010- 1011 W/cm'for all the liquids con-
sidered, being highest for distilled water and lowest
for tap water.

c. The difference in threshold intensity between
different liquids tends to decrease with decreasing
pulse width.

d. Breakdown curves are steeper in the case of
picosecond pulse irradiation than in the case of
nanosecond pulse irradiation.

e. Threshold intensities depend on the focusing
conditions, being higher for tighter focusing in all
three cases.

In the following part of this section we discuss

and comment in detail these and other aspects.

+
Fig. 2. Plal of the dependence of the.threshold intensity Irn on

the pulse duration, for all the ocular models under investigation.

I: Distilled water; E: Saline; A: Tap water and A: Vitreous.

b. Plot of the dependence of the threshold fluence Ftrr on the
pulse duration. Symbols as above.

c. Plot of the inverse of the pulse duration 1/t on the electric

field associated to the pulse: I: Distilled water; A: Vitreous and
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l. Dependence of I* on pulse duration

in Figs. 2a and 2b we show the dependence of,
respectively, the threshold intensities I,n and

fluences Frn on the pulse width of the irradiating
Nd:YAG pulses. It is shown to increase with
decreasing pulse duration, being lowest for nano-

second pulses and highest for 30 ps pulses. In con-

trast, threshold fluences decrease with decreasing
pulse duration, showing that less overall pulse

energy is required to obtain breakdown with
shorter pulses. This is in good agreement with
threshold values reported by other authors both for
solids and for liquids3' ro' le.

The dependence of threshold intensities on pulse

width has been studied in the past mainly for the

breakdown in solidsle. An explanation of the in-
crease of the threshold intensity with decreasing
pulse duration has been given by assuming a growth

rate of the electron population of the exponential
form during the onset of the plasma.

Indeed, plasma formation has been generally

recognized as a sequence of at least three steps: (l)
a first step of production of the first few free elec-

trons: (2) the multiplication of free electrons by
means of an avalanche ionization process, up to the

point where a critical density of about l0r8 elec-

trons/cm3 is reached and finally (3) plasma heating

by means of a mechanism of inverse Brehms-

strahlung.
If we assume that, for some reasons, free elec-

trons are present in the material due to irradiation
by the early part of the pulse, then the second step

consists of an exponential growth of these electrons

which absorb photons at a given rate and ionize

atoms in an avalanche process.

According to Fradin et al.,re where optical
breakdown in solids is studied, if the dependence of
the breakdown threshold field on pulse width is

predominantly due to electron multiplication
before the appearance of the breakdown, then the

threshold field should have an almost linear rela-

tionship, in the logarithmic scale, with respect to
the reciprocal of the pulse duration. The validity of
this concept in relation to its application to liquids

has been checked by us, using our results obtained
for the variety of ocular models under investiga-

100

60

40

o
1 10 1a2 1 03 1o4

Pulse Duration (ps)

F,,g. J. Plot of the normalized difference in threshold intensity

between distilled and tap water with respect to the pulse dura-

tion, ior the three focusing conditions considered. O: S/V :
40.2: L: S/V : 80.7 and I:S/V : 121.8'

tion. Fig. 2c shows the data obtained in the case of
distilled water and vitreous on a log scale of 1/t vs

6o,. As we see, the l/t vs 6tr, dependence is fairly
similar for both solids and liquids. This indicates

that avalanche electron multiplication is very likely
the intermediate step leading to breakdown also in
liquids and, in particular, in vitreous.

II. Comparison omong different liquids

It should be noted from Tables 1a to 1d that a com-
parison among threshold intensities in different li-
quids shows:

a. With the exception of tap water, all liquids

considered have a very similar threshold intensity,

despite the different structure of vitreous with
respect to water.

b. The threshold intensity difference between

tap water and other liquids tends to decrease with
decreasing pulse duration almost independently of
the focusing conditions, as shown in Fig. 3 where

the quantity:

[ [Il, (distilled)-Irr,(tap)] /Itr, (distilled) ]

80

Ja

,
/'/

,'i
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is plotted vs the pulse duration in the three focusing
geometries investigated.

These results can be interpreted recalling the

description of the breakdown process in solids.
Here the formation of the first free electrons, which
will be subsequently multiplied in the avalanche

multiplication process, has been attributed to two
main processes: (l) absorption of photons by im-
purities, and (2) multiphoton ionization. Of the

two, the latter is more likely to take place at a higher
photon flux, and therefore at higher intensity, and
is rather impurity-independent since it can act
directly on the molecules of the material. On the

contrary, the former is strongly impurity-depen-
dent, and in particular it takes place with molecules

of lower ionization potential, i.e., molecules that
show a high absorption coefficient at the pulse

wavelength, or with large molecular aggregates.

Our data are consistent with a similar interpreta-
tion for liquids. With nanosecond pulses (and lower
intensities) the absorption by impurities followed
by thermionic emission of an electron appears to
dominate the initiation of the process. Saline (in
spite of the presence of Na* and Cl- ions),

vitreous and distilled water present a similar
"impurity-free" behavior. In contrast, due to the
presence of heavy impurities, tap water exhibits a

threshold intensity at least 3 times lower. Further,
with picosecond pulses and higher intensities, the

decrease in the difference between Ir in tap and
distilled water clearly shows the increasing impor-
tance of some impurity independent mechanisms of
initiation. In the intermediate case, i.e. with 220 ps

pulses. Fig. 3 shows that both initiation processes

are present to produce free electrons.

III. Steepness of the optical breokdown curves

Optical breakdown curves for liquids show dif-
ferent slopes with respect to the different durations
of the irradiating pulses. This is evidenced from
Fig. 4, where the quantity Ll1"/his plotted (where

AItr, is the difference between the intensity at 10090

and 5090 probability) for the liquids under inves-

tigation, vs the pulse width. Indeed we note that this

value decreases with pulse duration, from a value of

r o 'to2 ro3 to4

Pulse Duration (Ps)

Fig. 4. Plol of the dependence of the steepness of the breakdown

curves on the pulse duration for the four media under study.

Symbols as in Fig. 2.

30-35% in the case of 7 ns long pulses down to an

average of 22Vo with220 ps pulses. These values re-

main almost constant with further decreasing pulse

width, being about 20Vo in vitreous and saline,

while they decrease to l0 and 4Vo in the case of
distilled and tap water respectively. Optical
breakdown in liquids under picosecond irradiation
thus appears as a more deterministic process than
that induced by irradiation by pulses of nanosecond

duration.
A difference in the slopes exhibited by curves of

breakdown probability seems to justify the need of
some differences in the expl4nation of the basic

mechanisms leading to such breakdown. Bass and

coworkers2o-23 were the first to explain the

breakdown process in solids in terms of avalanche

ionization under nanosecond pulse irradiation.
Their concept was that the process started by the
presence of some electrons (called 'lucky') that
reverse their direction of motion in phase with the

oscillating field and that, as a consequence, in-

crease their energy up to a value high enough to
ionize an atom and to start the avalanche ionization
process. They showed that, if this theory holds, the

optical breakdown probability has the form p(e) :
a exp( -k/e): thus, optical breakdown curves

30
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Flg. 5. Normalized plot of the breakdown curves for distilled
water of Fig. l, plotted logarithmically with respect to the quan-

tity 1/t.

represented as the logarithm of p(s) vs l/t should
show a linear behavior. We have previously demon-

strated this relationship to hold for liquids under
nanosecond pulse irradiationz.

As a result of our measurements with different
pulse durations, log (p) vs 1/s is plotted in Fig. 5 for
the case of distilled water. This dependence is linear
for nanosecond pulses, as already observed. For
picosecond pulses the behavior is markedly dif-
ferent: in fact, the plot of log(p) in the case of 30

ps still shows a linear relationship with the inverse

of the electric field, however in this case the straight
line is almost vertical, thus confirming the deter-

ministic nature of the breakdown. In the inter-
mediate case (220 ps), the curve can be approx-
imated by a combination of a straight line with a
slope equal to that of the breakdown curve for
nanosecond pulses at high probabilities, and to that
of the breakdown curve for 30 picosecond pulses at

low probabilities.
A different nature of the optical breakdown

under picosecond pulse irradiation can be inferred
by this representation of the breakdown curves. In-
deed, the basic assumption in Bass' theory, that
facilitates the linear dependence of log(p) vs 1/6 is
that the avalanche ionization process is initiated by
only one'lucky' electron, i.e., that secondary elec-

trons produced by the first electron have more
energy available that any other primary electron to

produce further ionization. In the case of pico-
second pulse excitation, the situation can be dif-
ferent, since a higher intensity and a shorter interac-
tion time can be expected to produce a sufficiently
high number of free electrons, and since the intenSi-

ty is so high that many 'lucky' electrons can trigger
the avalanche process.

IV. Dependence of ltn on the focusing conditions

Arnong the parameters of major interest for the cli-
nician who performs membrane disruption by using

Nd:YAG pulses there is the dimension of the inter-
action region between the laser and the target

tissue. Tighter focusing of the laser beam results in
a more precise opening of the membrane, and in a
more efficient shielding effect, i.e., better retinal
protection. However, our findingsza and those of
other authors25 indicate that, in liquids and also in
membranes, the threshold intensity increases by de-

creasing the focal length of the focusing lens. As we

note from Tables la to ld, this is consistently true
for all the liquids studied and for all the pulse

widths.
This can be explained, according to Loertscher2s,

by the fact that threshold intensity is determined by
a balance between the generation rate of electrons

within he irradiated volume V, and the electron loss

rate due to their escape through the surface S of the

focal volume itself. Irr, is therefore expected to in-
crease with the S/V ratio which is, approximately,
proportional to l/f . Following Loertscher's work
we have plotted, in Fig. 6, Il, in various liquids ver-

sus S/V. While with nanosecond pulses Irr, has been

found to increase linearly with S/V, it grows more
than linearly in the case of 220 ps pulses and, even

more, in the case of 30 ps pulses.

From the physical standpoint, this dependence

can be justified by non-linear interaction mech-

anisms at the beginning of the breakdown process.

From an operational standpoint, the measurements

can lead to suggestions useful for an efficient and

safe microsurgery: (l) breakdown thresholds in-

crease with decreasing focal length, therefore sug-

gesting the use of higher focal lengths; (2) on the

other side, a better shielding is assured by using
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Fig. 6. Plot of the dependence of the breakdown intensities on
the ratio S/V for distilled water, at the three pulse durations con-
sidered. I : 7000 psi Y: 220 ps and f : 30 ps.

smaller spot sizes. An optimum focal length could
therefore be found, as a consequence of these two
aspects, to minimize the amount of light reaching
the retina.

4. Clinical significance of the threshold
measurements

While on initial examination the clinical relevance
of our data may seem obscure, they do have pro-
found practical implications for the surgeon. The
first and perhaps obvious statement is that, given the
fundamental differences in plasma induction be-

tween nanosecond and picosecond pulses, then ex-
posure parameters determined by clinical expe-

rience on a Q-switched laser system are not directly
applicable to mode-locked systems and vice versa.

Indeed such are the differences between individual
commercial systems in terms of delivery optics and
laser parameters, that even extrapolating exposure
parameters from one Q-switched system to another
is a practice that should be followed only with ex-

treme caution. Direct comparisons require a much
more detailed knowledge of beam characteristics
than that indicated by the integral energy meter.

Our results also give the first empirical evidence
that shows that there is good agreement between

9l

results obtained for breakdown in both solids and
liquids. We have thus provided direct evidence that
confirms that theoretical concepts of breakdown
developed to explain processes in solids by material
scientists can be usefully applied to liquids and
biological situations. In the past, several authors in
the ophthalmic literature had assumed that this in-
terrelationship held, but until now no direct
evidence was exhibited. For the eye, this means that
changes in thresholds across interfaces such as lens

capsule and vitreous, and vitreous and retina can-
not be related to different structural configurations
but only to different physical quantities and to a

different target impurity content. This concept
should be particularly apparent in exposures from
mode-locked systems, as their plasma induction
should be independent of target impurities; it will
be less so for Q-switched exposures in relation to
targets with a large differential in macromolecular
aggregates such as blood and vitreous.

The apparent differences observed at interfaces
in the.clinical practice are for the most part not
related to differences in respective thresholds on
either side of the interface but to other parameters

of the exposure. Such parameters may include
problems with focusing and elective operator-
induced changes in the laser output energy during
a procedure. This latter consideration is of para-

mount importance because there is a tendency for
the clinicians to increase the energy between pulses

if they do not achieve the desired clinical end point.
Everyone should know by now that as the input
energy increases the plasma either enlarges or
multiple plasmas are induced (see, for example,
Capon et al. in this issue26. In both cases the exten-
sion of the effective plasma is axially along the inci-
dent beam in the direction ofthe operator. In prac-

tice it is this extension of the plasma that accounts
for most of the clinical episodes involving 'pitting'
of intra-ocular lenses especially when this occurs at
the extreme posterior margin. This also accounts
for the finding that in both impurity-dependent and
impurity-independent breakdowns (i.e., with both

Q-switched and mode-locked clinical systems)

damage has been observed at the IOL capsular
interface.

It is also perhaps useful at this point to dispense
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with the somewhat erroneous concept that during
some clinical procedures breakdown occurs at

unscheduled positions along the axis of the beam as

a result of self-focusing or beam entrapment by dif-
ferent constituents of the optical pathway of the

eye. In reality such phenomena are not likely to oc-

cur over such short path lengths as those between

the cornea and the target. Breakdown occurrence at

unscheduled locations is almost always the result of
either misfocusing or of multiple plasmas or plasma

wandering.
We realize that the clinician reading this paper

may have some problems in appreciating the prac-

tical value of the differences between thresholds ob-

tained for Q-switched and mode-locked induced

breakdowns. To summarize the problem the results

that we presented in the previous sections show that
at threshold the energy required to induce break-

down or plasma formation is ten times higher in Q-
switched exposures than it is in the mode-locked

ones. In contrast, when irradiance is considered,

the reverse is true, and now almost four times as

many W,/cm' are required in mode-locked expo-

sures than in Q-switched. The first practical prob-

lem is, which is most harmful to adjacent, non
pathologically involved tissues: high exposures

energy or the rate at which the energy is delivered.

If the former is most damaging then the Q-switched
systems should be avoided, whilst if the latter is the

most serious problem then the mode-locked

systems are going to be disadvantaged.
At least two studies in the literature concerned

with the development of safety data for retinal ex-

posures have demonstrated the overriding impor-
tance of irradiance2T' 28. Both of these studies show

that as pulse duration decreases the difference in
energy levels at which either a lesion is just visible

or a hemorrhage occurs falls from a factor of 10

with millisecond pulses to a factor of 2 with nano-

second pulses. Our experiments with Q-switched
and mode-locked systems would suggest that,
although less marked, this trend continues into the

shorter time domain, and hemorrhages occur more

often in relation to mode-locked exposures. This is
particularly true when working in the posterior

vitreous close to the retinal surface.

The second problem that these results disclose is

that, while all clinical systems attempt to achieve

better and tighter focuses to best define the focal
plane of the plasma, the effect on irradiance varies

dramatically between the two types of systems. In
the case of mode-locked systems there is a higher in-
crease in irradiance required to produce breakdown
than in the equivalent Q-switched pulse as the focal

spot is decreased. This may well explain the prac-

tical problems that are encountered when the con-

tact lenses developed for Q-switched systems are

used in conjunction with mode-locked systems.

5. Conclusions

We have performed an accurate analysis of the

mechanism of optical breakdown in liquids used as

eye models, as well as in vitreous extracted by calf
eyes, under irradiation by pulses of different dura-

tions. The information that can be obtained from
our measurements can give a deeper insight in the

early and intermediate steps of the breakdown, in
particular allowing some confidence in the fact that
breakdown in liquids has many similarities with
breakdown in solids. Thus many of the results ob-

tained with crystals can be reasonably transposed to
liquids and in particular to ocular media.

From the clinical viewpoint, the measurements

performed increase the amount of information
available to the clinician for the correct choice of
the type of laser to be used, and of exposure para-

meters. Given the dichotomy in terms of the under-
line physics, it is hoped that with careful clinical
observations procedures can be optimized in rela-

tion to the desired effect on specific targets whilst
minimizing retinal complications.

Finally, a deeper knowledge of the dependence of
the optical breakdown threshold on the operating
parameters of the laser, are of the utmost impor-
tance for laboratories involved in the characleriza-

tion of ophthalmic disruptors.
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