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Optical limiting in carbon-nanotube suspensions, whose origin lies in a strong nonlinear scattering due to sol-
vent vapor bubbles and sublimation of the nanotubes, is investigated in the picosecond and nanosecond re-
gimes by polychromatic pump—probe experiments. Samples were pumped either with 532-nm or 1064-nm
pulses, and probed from 400 nm to 650 nm. Using a model based on Mie theory, we determine the time evo-
lution of the radius and the concentration of the scattering centers for both temporal regimes. We compare
the transmission signals for single-wall carbon nanotubes suspended in water and in chloroform and for mul-
tiwall carbon nanotubes in water. Several conclusions can be drawn. First, coalescence of gaseous cavities is
more effective in water than in chloroform, leading to nonlinear scattering by a smaller number of larger
bubbles. Second, in spite of the smaller size of the scattering centers, the limiting efficiency of chloroform
suspensions is better than that of water suspensions, due to a larger volume fraction of the gaseous phase.
However, the characteristic times for the growth of laser-induced bubbles are too long to allow efficient limiting
of subnanosecond laser pulses. © 2002 Optical Society of America
OCIS codes: 190.3970, 190.4400, 190.4870, 290.4020, 290.5850.
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1. INTRODUCTION

There is considerable interest in the application of the
nonlinear optical properties of materials to optical
limiting.? Indeed, the proliferation of laser-based sys-
tems is associated with potential harmful effects from
these bright, coherent light sources. Nowadays, laser
sources (optical parametric oscillators, dye lasers, Raman
lasers, ...) are widely used in many applications, not only
in the laboratory, but also in many areas of industry and
medicine as well as for military applications, and they
constitute a potential hazard for eyes and other optical
sensors (CCD, thermal camera, ...). It is therefore crucial
to protect all sensors against this threat by use of optical
limiters. The ideal optical limiter would have high
broadband linear transmittance for low input fluences,
and the output energy must always remain below the
damage threshold of sensors (e.g., camera or human
eyes). In addition, this ideal limiter should be efficient
from a few picoseconds up to longer pulse durations (from
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nanosecond to millisecond) on a broad range of wave-
lengths (visible and near infrared). Numerous mecha-
nisms have been proposed for optical-limiting applica-
tions. Among them, reverse saturable absorption® has
demonstrated a good efficiency but mainly on relatively
narrow spectral bands. Broadband optical limiting and
colorimetric neutrality can be obtained by associating sev-
eral narrow-band reverse saturable absorption molecules,
but such a material generally exhibits a strongly reduced
linear transmittance.* On the other hand, multiphoton
absorbers exhibit an excellent transparency and possess
broadband-limiting properties, but only for short laser
pulses (7 < 10mns). In contrast, nonlinear-refractive®®
and nonlinear-scattering’ 1% materials, as, for example,
carbon-black suspensions,’™ can also provide broadband
optical limiting, with better performances for longer laser
pulses. Following the discovery of carbon nanotubes by
Iijima in 1991, many research efforts were focused on
this new form of carbon to clarify its attractive physical

7-9

© 2002 Optical Society of America



Vivien et al.

properties and in particular nonlinear optical effects.
Since 1998, optical-limiting properties of carbon nano-
tubes have been the object of numerous investigations, re-
vealing that these materials are promising candidates for
optical limiting in the visible and near-infrared
domains.’**® They present a broadband transparency
at low input fluences (from 400 to 1100 nm), with excel-
lent colorimetric neutrality. The origin of optical limiting
in the nanosecond regime is a strong nonlinear scattering
induced by the sublimation of the laser-irradiated carbon
nanotubes and by the formation of solvent bubbles due to
heat transfer from the particles to the surrounding
liquid.16-18

In this study, we report picosecond and nanosecond
pump—probe results for three kinds of samples: single-
wall carbon nanotubes (SWNT) suspended in water and
in chloroform and multiwall carbon nanotubes (MWNT)
suspended in water, with 532-nm and 1064-nm pump
pulses and a polychromatic probe beam that allows deter-
mination of the kinetic of bubble formation and coales-
cence.

Section 2 presents the synthesis method and the puri-
fication procedure of single-wall and multiwall carbon
nanotubes. Section 3 reports the results obtained with
30-ps pump pulses, with a comparison between SWNT
and MWNT at different pump fluences and probe wave-
lengths. In the same section, we also report on nanosec-
ond pump—probe experiments. In Section 4 we present a
simple calculation that allows estimation of the number
and the average radius of the scattering centers respon-
sible for the observed drop of probe transmittance. We
thus obtain the evolution of the volume fraction of the gas
cavities that scatters the probe beam, and we observe coa-
lescence and condensation effects.

2. MATERIALS

Carbon nanotubes were synthesized by the electric arc
discharge technique.?’ An electric arc discharge is cre-
ated between two graphite electrodes under a helium at-
mosphere in the presence of a metallic catalyst (Ni and Y
with 4.2:1 at.%) for SWNT synthesis and with only pure
graphite electrodes for MWNT. As-prepared samples
contain impurities such as amorphous carbon, graphite,
fullerenes, and residual catalysts. The SWNT samples
were purified in a three-step procedure.?! The first step
consists of a nitric acid treatment at 100 °C, which par-
tially disintegrates the catalyst particles and disen-
tangles the complex network of nanotubes, other carbon-
ous materials, and catalyst particles. The second one is a
tangential filtration that allows separation of the nano-
tubes from the other species. Finally, a thermal treat-
ment under inert atmosphere eliminates residual cata-
lysts. After such a purification procedure, the amount of
SWNT is close to 90 vol.% in the samples. SWNT are ob-
served to usually self-assemble on a triangular array into
crystalline nanobundles of a couple to some tens of
tubes.2%22  The diameter of the tubes lies between 1.3
and 1.5 nm,?>* and their length is about several mi-
crometers. For MWNT, amorphous carbon and
fullerenes were eliminated by a thermal treatment at
600 °C. The amount of MWNT is close to 80 vol.%, and
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their external diameter ranges from 2 to 20 nm depending
on the number of layers. SWNT were dispersed in chlo-
roform without surfactant and in water with surfactant
(triton X100). MWNT were only dispersed in water/
surfactant. For pump-—probe experiments, we studied
our suspensions in 1-mm-thick cells, coupled with a circu-
lation system. The linear transmittances of the colorless
samples were larger than 80% from 400 to 1100 nm, and
all samples were adjusted at the same linear transmit-
tance.

3. PUMP-PROBE EXPERIMENTS

A. Picosecond Studies

The experimental setup is shown on Fig. 1. We use a
mode-locked Nd:YAG laser delivering 30-ps pulses either
at 532 nm or at 1064 nm, at a repetition rate of 8 Hz.
The beam is split into two parts; the first one, focused into
the nanotube suspensions by use of a 150-mm focal-
length lens, is used as a pump beam. After passing
through the sample, the transmitted pump beam is
blocked by a dump. The polychromatic probe beam is ob-
tained by focusing the second Nd:YAG beam on a tung-
sten electrode under xenon atmosphere (pressure 2 bars),
leading to a broadband emission (from 350 nm to 700 nm)
with a typical lifetime of 50 ns (rise time of ~30 ps). The
resulting emitted light is collimated by a short-focal-
length lens and focused into carbon-nanotube cells, nearly
collinear to the pump beam, the probe diameter in the cell
being always smaller than the pump-beam diameter
(~450 um). The probe transmittance is recorded with a
monochromator coupled with a streak camera (ARP,
Strasbourg, France, resolution of 8 ps) in single-shot
mode. A retardation line on the pump path ensures that
the sample is probed before and after perturbation. Such
a technique allows both spectrally and temporally re-
solved measurements to be obtained. In order to avoid
cumulative thermal effects, we use a circulation system in
the cells to refresh nanotube suspensions between con-
secutive shots. The signal-to-noise ratio is enhanced by
averaging 100 consecutive measurements.

BS Xenon lamp
| Nd:YAG I =
A =1064 nm
Probe
beam
= F,
<>

Streak

/‘L Pump
Spectrometer |—2 dump
camera

Fig. 1. Pump-probe experimental setup for pump wavelengths
532 and 1064 nm and probe wavelengths from 400 nm to 700 nm.
BS, beam splitter; F1 and F2, 150-mm and 100-mm focal length,
respectively.
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Fig. 2. Probe transmittance, normalized to the linear transmit-
tance as function of delay between the probe at 480 nm and the
pump at 532 nm for different picosecond pump fluences (from
190 mJd/cm? to 600 md/cm?) for (a) MWNT in water, SWNT in (b)
water, and in (c¢) chloroform. The linear transmittance is 80%
for all samples.

Figure 2 displays the evolution of probe transmittance
at three different pump fluences (190 md/cm? 350
md/ecm?, and 630 md/ecm?), for SWNT suspended in both
water and chloroform solvents and for MWNT suspended
in water. The pump wavelength is 532 nm and the
samples are probed at 480 nm, sufficiently far from the
pump wavelength to allow an efficient filtering of scat-
tered pump light. The nonlinear response of the samples
is not instantaneous, as expected from the probable origin
of optical-limiting behavior of carbon nanotubes. In fact,
the perturbation begins a few hundreds of picoseconds af-
ter the pump pulse; then the minimum probe transmit-
tance is reached in a few nanoseconds (typically 3-5 ns,
depending on pump fluence). As the pump fluence in-
creases, the perturbation occurs earlier after the pump
pulse and develops faster; however, no limiting of 30-ps
pulses occurs. Such a behavior is consistent with previ-
ously published picosecond and nanosecond pump—probe
results!®!® and is in accordance with the proposed mecha-
nism of nonlinear scattering: scattering centers are gen-
erated both by solvent-bubble growth and by phase
change (sublimation) of the carbon nanotubes, due to in-
tense heating of the particles and subsequent heat trans-
fer. The characteristic times for the growth of the scat-
tering centers are in the nanosecond range.

Let us compare the different behaviors of the three
kinds of samples (Fig. 2). In the same solvent (water),
SWNT and MWNT exhibit similar responses, but with
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faster growth of the scattering centers in the case of
SWNT. The delay between the pump pulse and the be-
ginning of the probe-transmittance decrease is shorter for
SWNT than for MWNT at low pump fluences. This may
be related to the smaller external specific area of MWNT
as compared with SWNT, which may slow down thermal-
transfer processes. Results obtained with SWNT sus-
pended in both liquids (water and chloroform) show a no-
ticeable solvent effect, with a decrease of the probe
transmittance significantly larger for the chloroform sus-
pension than for the water sample. It has been shown”'6
that the thermodynamic properties of chloroform favor
solvent-bubble growth, leading to larger scattering cen-
ters.

In order to better understand the nonlinear phenomena
in carbon nanotube suspensions, we studied the wave-
length dependence of the probe perturbation at a fixed
pump wavelength (532 nm or 1064 nm). The temporal
shapes of the curves obtained for different pump fluences
are similar to those in Fig. 2, but the magnitude of the
drop of the transmittance is strongly wavelength depen-
dent. Figures 3(a) and 3(b) compare the wavelength de-
pendence of the probe transmittance measured at 4 ns af-
ter the top of the pump pulse, for 532-nm and 1064-nm
pump wavelengths (See an example of the total time de-
pendence in Fig. 4). The behavior is the same for the two
wavelengths within the experimental errors. We observe
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Fig. 3. Normalized probe transmittance as a function of probe
wavelength for SWNT in water and chloroform and for MWNT in
water, for a pump wavelength of (a) 532 nm and (b) 1064 nm.
The delay between the pump and the probe is 4 ns, and the pump
energy is 600 mJd/cm?.  The solid curve is a fit obtained with Mie
theory. The linear transmittance is 80% for all samples.
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Fig. 4. Probe perturbation at 420, 480, and 600 nm for SWNT in
water at 10 ns and at 532 nm for input fluence of 200 mdJ/cm?2.
The linear transmittance is 80% for all samples.
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Fig. 5. Optical-limiting curves of SWNT suspended in chloro-
form for 2- and 5-ns pulse widths at 532 nm. The linear trans-
mittance is 70% for all samples.

a broadband-limiting efficiency from 400 nm to 650 nm
for all the samples. As expected, from Mie-scattering
theory (solid curve in Fig. 3(a); see Section 4), the shorter
the wavelength, the lower the transmittance. Indeed, for
submicronic particles, scattering is more efficient when
the size of the scattering centers is close to the wave-
length, or reciprocally, for given scattering centers, when
the wavelength decreases. A quantitative analysis of the
wavelength dependence of the transmittance allows de-
termination of the concentration and average radius of
the scattering centers. Such an analysis is performed in
Section 4.

B. Nanosecond Studies

In order to better understand the different optical-
limiting performances obtained in the nanosecond re-
gime, we carried out nonlinear-transmittance experi-
ments for different pulse durations. The nanosecond
data support the results presented in Subsection 3.A.
We realized similar pump-probe experiments with a
Nd:YAG laser delivering 10-ns pulses width at 532 nm.
As for picosecond pump-probe experiments, we per-
formed transmittance measurements for different probe
wavelengths (from 400 nm to 650 nm) and recorded the
probe transmittance of the carbon-nanotube samples at
several delays (from 1 to 80 ns). Figure 4 shows the
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transmittance kinetics of SWNT suspended in water, for a
pump fluence of 200 mJ/cm? and for three different probe
wavelengths: 420, 480, and 600 nm. The minimum of
transmittance is reached at ~7 ns and ~10 ns after the
top of the pump pulse for SWNT and MWNT (not shown),
respectively. As is explained in Section 4, this minimum
corresponds to a maximum volume fraction of vapor
bubbles, and thus to maximum extinction, followed by a
slow relaxation process. These curves are in agreement
with our previously published results,’” but polychro-
matic measurements allow performance of a deeper
analysis.

Figure 5 shows the limiting curves obtained with the
same SWNT/chloroform sample at the same wavelength
(532 nm), obtained by two different lasers under similar
focusing conditions: a Nd:YAG laser delivering 5-ns
FWHM pulses and an optical parametric oscillator deliv-
ering 2-ns FWHM pulses. The limiting performances ob-
tained with 5-ns pulses are considerably better than those
obtained at 2 ns, with a lower limiting threshold (~40
md/cm? instead of 150 mJ/cm?) and a transmittance re-
duced by a factor of 2 for incident fluences >0.5 J/cm?.18
The explanation is that in the nanosecond regime, the
maximum size of the scattering centers is reached only af-
ter the end of the incident pulses, even at 10 J/cm?.
Therefore one observes a strong pulse-duration depen-
dence of the limiting performances. This also explains
that no optical limiting at all is observed in the picosecond
range.

4. INTERPRETATION

In our previous investigations on the optical-limiting ori-
gin in carbon nanotube suspensions,'®1? we demonstrated
a strong nonlinear-scattering effect principally due to the
growth of vapor bubbles, which can be solvent bubbles or
carbon vapor bubbles, depending on the incident fluence
and on the thermodynamic properties of the solvent. In
all cases, the threshold for solvent-bubble formation is
significantly lower than the carbon sublimation
threshold.'®!” However, solvent-bubble growth is much
slower than expansion of vaporized carbon cavities.'®17
For example, with 5-ns pulses, solvent-bubble formation
occurs at incident fluences as low as 10 mdJ/cm? but only a
few tens of nanoseconds after the pump pulse and thus
does not contribute to optical limiting.!” The limiting
threshold, ~150 mJ/cm? at 1064-nm pump wavelength,
corresponds to carbon-nanotube sublimation. On the
contrary, solvent-bubble growth contributes very effi-
ciently to optical limiting of 80-ns duration pulses in car-
bon nanotube/chloroform suspensions.'®

The analysis of the extinction of the polychromatic
probe beam allows estimation of the evolution of size and
dimensions of the scattering centers during and after the
pump pulse, from Mie theory for both pump temporal re-
gimes (30 ps and 10 ns). For this, we developed a simple
model, where we considered the following approxima-
tions: the bubbles are spherical, their index of refraction
is 1, and they are considered to be monodisperse in size.
Moreover, we assume that only simple scattering occurs
(we neglect multiple scattering). The assumption of
spherical bubbles may be erroneous for carbon nanotubes,
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but, beside the simplification it brings, it is justified by
the fact that the nanotubes are entangled in coils when in
solution.

The transmittance of the samples follows the Beer—
Lambert law:

Tn = exp(— 7l oey), (4.1)
where Ty is the transmittance, 7 is the volume concen-
tration of scattering centers (m™>), [ is the thickness of
the cell (m), and oy is the extinction cross section (m?),
which reads

Oext = Oabs + Oscs (42)
where o, and o, are the scattering and absorption cross
sections, respectively.

In view of the high linear transmission (>90% when
corrected for reflection losses), one can neglect o, so
that oo = 0. Equation (4.1) is therefore

In(Ty) = —nlog.- (4.3)

According to the Mie theory,?* this scattering cross sec-
tion depends on the scattering center radius and the
wavelength: for spherical bubbles in a simple scattering
regime, it is given by

o2
e ﬁE 2n + 1)(la,|? + [6,]?), (4.4)
n=1

where % is the light wave vector, and a, and b, are the
scattering coefficients, defined as

mWV,(mx)V, (x) — V,(x)V,(mx)
m¥,(mx)é, (x) — W) (mx)&,(x)

V,(mx)¥, (x) — mV,(x)V) (mx)
b, = . (4.5)
v, (mx)&,(x) — mW,(mx),(x)
Vv, and ¢, are the Riccati—-Bessel functions: WV,
= pd,(p) and £, = ph'P(p), where J,(p) are the spheri-
cal Bessel functions, and h;“(p) are the spherical Hankel
functions of first order. x and m correspond to the size
parameter and the relative refractive index, respectively,
defined as functions of the refractive indices of the par-
ticle (n) and of the surrounding medium (n;) and the
sphere radius (R) as

a, =

2mnR
= , 4.6
x X (4.6)
ny
m= —. 4.7
n

Therefore from the equations above, one sees that the
wavelength and the particle radius determine the scatter-
ing cross section in a unique manner. On the other hand,
the scattering cross section depends on the volume con-
centration 7 through Eq. (4.3). One can therefore fit each
nanosecond and picosecond experimental curve displayed
in Section 3 (Fig. 3) with only two free parameters R and
7. This allows obtention of the evolution of average ra-
dius and concentration of the scattering centers in the
medium. This procedure is of course not very precise,
but it nevertheless gives a good order of magnitude of
these parameters. This adjustment is more precise when
the radii are small, on the condition that the scattered
signal is strong enough to yield measurable effects.
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Moreover, by fitting the transmittance curves at differ-
ent delays, in the nanosecond regime (like those pre-
sented in Fig. 4), one determines the temporal evolution
of the size and of the concentration of scattering centers,
and we obtain the gas volume fraction (averaged on the
probe light path), given by V = (47/3) 7R3.

Figure 6 displays the volume fractions of the gas ob-
tained from nanosecond pump—probe experimental re-
sults at 532 nm with SWNT and MWNT, both suspended
in water. They increase rapidly and reach maxima of
1.4 X 1077 and 1.2 X 1077, and 7 ns and 10 ns, after the
top of the pump pulse for SWNT and MWNT, respectively.
The decrease of the volume is much slower than the in-
crease due to a slow cooling down of the medium after
the pump pulse. We note that the (half-life) relaxa-
tion time is longer for SWNT (7 ~ 30 ns) than for MWNT
(7 =~ 15ns), but the reason for this is still unclear. These
relaxation times are the same as those obtained for relax-
ation of the probe perturbation. As evidenced in Fig. 6,
we have a good correlation between the time evolution of
both the probe transmission and the gas volume fraction
inferred from the multiwavelength probe-transmittance
measurements.

Figure 7 shows the evolution of the concentration 7 and
average radius R of scattering centers for SWNT in water.
Surprisingly, the concentration of scattering centers de-
creases very rapidly, in the first few nanoseconds follow-
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Fig. 6. Evolution of the gas volume fraction (closed circle) and
normalized transmittance of the probe (solid curve) for (a) SWNT
and for (b) MWNT suspended in water, in the nanosecond re-
gime, at 532 nm and for input energy of 200 mJ/cm?. Delay zero
corresponds to the maximum of the pump pulse. The linear
transmittance is 80% for all samples.
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samples.

ing the top of the pump pulse. Symmetrically, the aver-
age radius increases and reaches a plateau after
approximately 25 ns. The decrease of the concentration
is associated with an increase of the average radius be-
cause of a competition between coalescence and condensa-
tion of vapor bubbles.

With the results of the picosecond experiments, one can
focus on the beginning of the bubble growth (Fig. 8). For
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SWNT, the average scattering radius is lower in chloro-
form than in water suspensions, indicating that coales-
cence is more important in water suspensions, leading to
larger vapor bubbles. However, the concentration of
scattering centers is more important in chloroform than
in water suspensions. These features show that the be-
haviors in the two solvents are quite different: the probe
beam is scattered by a large number of small vapor
bubbles in chloroform suspensions, whereas in water sus-
pensions, it is scattered by a smaller number of larger va-
por bubbles. This difference can be related to the higher
surface tension at the liquid/gas interface in water than
in chloroform: to minimize surface energy, aggregation
and subsequent coalescence of vapor bubbles are faster in
water than in chloroform, leading to the formation of
larger scattering centers in the few nanoseconds following
the pump pulse. With a pump wavelength of 1064 nm,
we obtained similar results.

5. CONCLUSION

We carried out picosecond and nanosecond pump—probe
experiments with a variable probe wavelength. These
experiments allow determination of the concentration and
average radius of scattering centers as well as their vol-
ume fraction as a function of time, by a simple extinction
model based on Mie theory. From that analysis, we show
a clear correlation between the evolutions of the probe
transmittance and of the gas volume fraction. In water
suspensions, coalescence of vapor bubbles begins in the
first nanosecond following the pump pulse. The coales-
cence effect is slower in chloroform suspension due to
lower surface tension at the liquid/gas interfaces. In
chloroform suspensions, the probe is scattered by many
small vapor bubbles while in water suspensions, it is scat-
tered by a smaller number of larger vapor bubbles. How-
ever, chloroform suspensions exhibit a better optical-
limiting efficiency than water suspensions in the
nanosecond regime. The pump—probe experiments also
confirmed that carbon-nanotube suspensions are efficient
only for nanosecond and longer pulses. The coalescence
phenomenon was recently confirmed by shadowgraphic
measurements, which will be published elsewhere.
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