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Midinfrared Optical Breakdown in Transparent Dielectrics
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Optical breakdown measurements for transparent dielectrics are reported for 1 ps laser pulses as a
function of mid-IR wavelength from 4.7 to 7:8 �m. For wide-gap dielectrics seed electrons are
generated by tunnel ionization with subsequent avalanche ionization and laser absorption by dense
plasma. For narrow-gap dielectrics tunnel ionization alone leads to dense plasma formation.
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For the optical breakdown experiments we used two
laser sources: a commercial Ti:sapphire (Ti:S) laser for

at the top of the intensity distribution in the focal spot
exceeded 20 J=cm2, well above damage threshold for all
Laser-induced breakdown in transparent dielectric ma-
terials has been studied experimentally and theoretically
for a wide range of laser pulse durations and wavelengths.
During the last decade particular attention has been given
to short-pulse laser breakdown in dielectrics with pulses
shorter than �10 ps. In this time domain the laser energy
is absorbed by electrons faster than it is transferred to the
lattice, making the breakdown process dependent mainly
on electronic properties of the material. The generally
accepted mechanism of dielectric breakdown in this
short-pulse regime is the generation of seed electrons by
photoionization, either multiphoton ionization (MPI) or
tunnel ionization (TI), with subsequent avalanche ioniza-
tion (AI) and laser energy absorption by dense plasma.
The relative role of these ionization processes depends on
material properties and on the laser pulse duration and
wavelength. At near-infrared wavelengths, and pulse
lengths between 100 fs and 10 ps, MPI generates a suffi-
cient number of free electrons to initiate the avalanche
process [1–3]. For pulses shorter than 100 fs, TI becomes
important and the total number of electrons produced by
photoionization increases [4,5]. There are indications that
for pulses approaching 5 fs, plasma of critical density can
be generated solely by TI [6,7].

The short-pulse laser-induced breakdown studies, re-
ferred to above, were performed in a relatively narrow
spectral range at wavelengths shorter than 1053 nm. The
present work extends these breakdown studies into the
mid-IR spectral region to wavelengths as long as
8000 nm. At mid-IR wavelengths MPI is strongly sup-
pressed since many tens of photons are required to excite
electrons across the band gap of typical dielectrics. One
can expect, therefore, significant differences in the break-
down process. For a fixed pulse length of 1 ps, we have
measured the mid-IR spectral dependence of the optical
breakdown threshold for a number of dielectric materials
with different band gaps.
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measurements at 400 and 800 nm (we will call these
‘‘visible light’’ experiments), and an optical parametric
amplifier (OPA) for mid-IR measurements. Pulses of
mid-IR radiation, tunable from 4 to 8 �m with energy
up to 1 �J and pulse length of 1 ps, were generated in a
commercial OPA pumped by a Ti:S laser system (OPA-
800, Spectra Physics). These pulses were further ampli-
fied in anAgGaS2-based OPA, pumped by a Nd:YLF laser
at 1053 nm. AgGaS2 is one of the most efficient nonlinear
materials transparent in the mid-IR, but it cannot be
pumped directly by a Ti:S laser near 800 nm because of
two-photon absorption [8]. It can be efficiently pumped,
however, by a Nd: laser at 1053 nm, since its band edge is
close to 450 nm and two-photon absorption vanishes. To
generate such pump pulses we used a Nd:YLF linear
amplifier seeded by frequency shifted Ti:S laser pulses.
A fraction of the Ti:S laser pulse used for OPA pumping
(300 �J) was frequency shifted in a methane filled
Raman converter from 805 to 1053 nm in order to match
the amplification band of the Nd:YLF crystal. Converted
pulses with energy of about 30 �J were amplified in a
double-pass flash lamp pumped Nd:YLF amplifier to the
level of 1.5 mJ. These pulses were used as pump pulses for
the AgGaS2 mid-IR amplifier, which generated pico-
second mid-IR pulses with energies up to 50 �J tunable
from 4.7 to 7:8 �m. The system was operated at 10 Hz.

The delivery and detection optics employed in our
breakdown studies is illustrated schematically in Fig. 1.
The configuration is similar to that used in previous
breakdown studies [9]. To reach the high fluences required
for dielectric breakdown in transparent materials, laser
pulses were focused with a two mirror system with NA �
0:25. The focal spot size, which was close to diffraction
limited, varied with wavelength and was measured by a
knife-edge method for all wavelengths used in our study.
It ranged from 12� 1:5 �m at 4:7 �m wavelength to
18� 2 �m at 7:8 �m. The maximum achievable fluence
2003 The American Physical Society 107601-1
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FIG. 2. Scattered He-Ne light and plasma emission from a
CaF2 target irradiated by 1 ps laser pulses at 6:25 �m.
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FIG. 1. Schematic of optical apparatus.

TABLE I. Dielectric materials used in experiments.

Group Material Band gap �E, eV

Wide-gap materials LiF 13.6
MgF2 10.8
CaF2 10.0
BaF2 9.07

Narrow-gap materials ZnS 3.5
ZnSe 2.7

P H Y S I C A L R E V I E W L E T T E R S week ending
5 SEPTEMBER 2003VOLUME 91, NUMBER 10
tested materials. The energy of each pulse was moni-
tored with a room temperature mercury cadmium tellur-
ide (MCT) detector calibrated for each wavelength using
a laser power meter (Ophir Optronics). Accuracy of the
fluence measurements was determined mainly by the
accuracy of the focal spot size measurements and was
�20%.

The single pulse damage threshold was determined as
any surface modification detectable under a visible light
microscope. As shown in Fig. 1, two diagnostics were
used for in situ monitoring of surface damage: scattering
of a He-Ne laser beam from the damaged region of the
sample, and visible light plasma emission. We found that
even the smallest damage observable with the microscope
produces significant scattering of the He-Ne beam fo-
cused on the optical quality sample surface. Visible light
plasma emission also proved to be a good indicator of the
damage threshold. Plasma emission from the focal spot
region was collected by the same mirror system used to
focus the mid-IR light and detected by a photomultiplier
tube. The typical dependence of He-Ne scattering and
visible light plasma emission on mid-IR fluence is shown
in Fig. 2. Each data point in these plots was taken on a
new spot on the sample. The breakdown probability dis-
tribution calculated from the HeNe scattering data, shown
in Fig. 2(a), indicates a mean breakdown fluence of
4:25 J=cm2 and a 10% to 90% width of �6%. The ob-
served threshold for visible light plasma emission, as
shown in Fig. 2(b), occurs at the same fluence within a
similar uncertainty.

Both wide-gap and narrow-gap transparent dielectric
materials were investigated in the mid-IR optical break-
down experiments. Materials employed in the study are
listed in Table I together with their known band gaps. All
material samples were optically polished.

Single pulse breakdown threshold measurements for
both wide-gap and narrow-gap dielectric materials and
for both the visible light and mid-IR spectral regions are
presented in Fig. 3. Our data for visible light breakdown
of wide-gap dielectrics correspond well to data in the
literature where it is found that the threshold increases
107601-2
with wavelength since more and more photons are re-
quired for MPI. While absolute values of our measured
single pulse thresholds are approximately 2 times higher
than the multiple pulse thresholds previously reported [2],
this factor of 2 ratio of single pulse to multiple pulse
thresholds is well known [4,5]. Behavior in the mid-IR
is quite different. For wide-gap materials, as seen in Fig. 3,
the threshold decreases with increasing wavelength. It is
obvious that MPI will be dramatically suppressed for
wide-gap materials in the mid-IR. Even at 4:7 �m more
than 30 photons are required to produce a free electron.
Despite this, there is good evidence that photoionization,
through the mechanism of tunnel ionization, plays an
important role in the mid-IR breakdown of these mate-
rials. As we have already shown in Fig. 2, the mid-IR
breakdown threshold width is quite narrow, approxi-
mately �6%. In the literature a well-defined breakdown
threshold has generally been explained by assuming that
MPI of bulk material produces a sufficient number of
initial electrons to trigger AI. Since we observe similar
107601-2



FIG. 4. Scanning electron microscope images of the damage
spots on MgF2 (a) and ZnS (b). Laser wavelength is 6:25 �m.
Arrows show direction of the laser electric field.
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FIG. 3. Wavelength dependence of the breakdown threshold
for wide- and narrow-gap materials. Solid lines show general
trend of the breakdown thresholds.
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threshold widths throughout the visible light and mid-IR
regions, it is plausible that TI provides an adequate source
of initial electrons in the mid-IR region, just as MPI
provides that source in the visible light region.

To assess the likely role of TI in the mid-IR breakdown
process, let us evaluate the parameter � from the Keldysh
theory of photoionization [10], which indicates whether
ionization proceeds in the multiphoton or the tunneling
regime. Photoionization in a strong laser field occurs in
the tunneling regime when the parameter � � 1. For
solid materials � � !��m��E�1=2

e�E , where ! is the laser fre-
quency, �E is the band gap, m is the electron-hole re-
duced mass, and E is the laser electric field. Using the free
electron mass, we can give an upper estimation of the
parameter � at damage threshold. For the wide-gap ma-
terials studied, the parameter � is �0:4 for all mid-IR
wavelengths. Spectroscopic measurements indicate [7]
that TI can prevail in solids at values of � even larger
than 1, solidifying our conclusion about the major role of
TI in the breakdown process.

Tunnel ionization is independent of wavelength and
thus cannot itself explain the observed decrease in the
breakdown threshold with increasing wavelength. This
behavior, however, can be attributed to the AI process,
once free electrons generated by TI initiate it. For AI the
breakdown strength of dielectric materials decreases for
low frequencies, with a threshold field approaching its dc
value as Eac�!� � Edc�1�!2	2�1=2, where Eac�!� is the
ac breakdown field, Edc is the dc breakdown field, ! is the
laser frequency, and 	 is the electron collision time [11].
Neither the dc breakdown field, nor the electron collision
time are known for the materials studied here; however,
taking plausible values (Edc � 10 MV=cm and 	� 10 fs)
[12] leads to a breakdown fluence of �3 J=cm2 at a wave-
length of 6 �m. This estimated breakdown fluence,
which is proportional to �Eac�2, is within 50% of the
measured value.
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Evidence of the TI-initiated avalanche breakdown of
wide-gap materials also can be found in the morphology
of the damage spot. In Fig. 4(a) a scanning electron
microscope image of the damage spot onMgF2 is shown.
The damage was produced at laser intensity 1.5 times the
threshold value. The damage spot consists of a large
number of small pits elongated in the direction of the
laser electrical field vector. These pits, associated with
‘‘weak’’ points on the surface, such as digs and scratches,
served as starting points for the breakdown process. This
is quite natural, since the laser electric field is enhanced at
such defects and material band structure can also be
altered in these regions providing favorable conditions
for producing seed electrons by TI that initiate the elec-
tron avalanche. Particularly interesting is the elongated
shape of these pits. Typical values of eccentricity are
somewhat less than 1 �m. In an electric field of several
tens of MeV=cm, which corresponds to the threshold
intensities, the drift velocity of free electrons is deter-
mined by collisions and is almost saturated with a typical
value v� 2	 107 cm=s. This velocity multiplied by the
laser pulse duration of 1 ps gives us a drift distance that is
a fraction of 1 �m, which corresponds quite well to the
eccentricity of the observed pits. This observation pro-
vides direct evidence of the electron avalanche, which is
an essential part of the breakdown process in wide-gap
materials.

For narrow-gap materials the mid-IR breakdown
threshold is reduced and is independent of wavelength
within experimental uncertainty. The observed wave-
length independent thresholds for narrow-gap materials
might be understandable if TI alone were sufficient to
induce breakdown. In the absence of a theory for solid
materials we have estimated the rate of tunnel ionization
using a parameter called the appearance intensity, Iapp,
which was introduced [11] to describe the ionization of
atoms in a strong laser field. Calculated in the barrier-
suppression model, the appearance intensity is Iapp � 4	
109E4i =Z

2 W=cm2, where Z is the ion charge and Ei is the
ionization potential. Using the band gap value in place of
the ionization potential and setting the ion charge to 1 for
107601-3
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single stage ionization, we calculated values of the ap-
pearance intensity for narrow-gap materials that are 2 to
3 times lower than the observed breakdown threshold
intensities. Thus it seems plausible that tunnel ionization
could be solely responsible for mid-IR laser breakdown of
narrow-gap materials. It should be noted that the ratio of
breakdown fluences for the narrow-gap materials ZnSe
and ZnS, as shown in Fig. 3, is 2.65. This is also the ratio
of breakdown intensities. In plausible agreement with the
appearance intensities argument the ratio of band gaps
raised to the fourth power is �3:5=2:7�4 � 2:82.

The proposition that the optical breakdown process in
wide-gap materials is seeded by TI but driven by AI,
while the process in narrow-gap materials is driven en-
tirely by TI, is quite reasonable. The appearance intensity
depends on the band gap value as�E4. On the other hand,
the intensity necessary to keep the avalanche coefficient
constant scales as �E2. This follows from Thornber’s
model for impact ionization [13], which predicts that in
the high intensity limit the avalanche coefficient is pro-
portional to I1=2=�E. These different scaling laws lead
one to the conclusion that for materials with band gap
values below some critical value TI becomes more effi-
cient than AI. This conclusion is also supported by mor-
phology data for narrow-gap materials. In Fig. 4(b) a
typical scanning electron microscope image of the dam-
age spot on ZnS is shown. The damage spot on narrow-
gap materials is smooth and homogeneous, showing no
signs of the avalanche related pits found on all wide-gap
materials.

In summary, we measured the picosecond single-shot
damage thresholds of transparent dielectrics for mid-IR
radiation from 4.7 to 7:8 �m. We found that for narrow-
107601-4
gap materials with �E� 3 eV tunnel ionization leading
to dense plasma formation is solely responsible for di-
electric breakdown. For wide-gap materials with �E�
10 eV tunnel ionization provides seed electrons, but op-
tical breakdown is dominated by avalanche ionization.
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