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Absorption of ultrashort optical pulses in water
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We investigate the linear propagation of 800 and 1530 nm ultrashort optical pulses in water. For all pulse
repetition rates studied, we observe pure exponential decay down to a transmission of 2.5�10−5. We further
demonstrate that previous observations of nonmonoexponential decay and pulse splitup in broadband pulses
are consistent with Beer’s law in the purely linear regime. © 2007 Optical Society of America

OCIS codes: 010.7340, 320.2250.
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. INTRODUCTION
nderwater communications has been an active area of

esearch for decades. Because of relatively large absorp-
ion coefficients, electromagnetic waves cannot propagate
ver long distances in water, and the primary means of
nderwater communications has been limited to acoustic
nd radio waves [1]. Recent results offer renewed pros-
ects for underwater optical communications by reporting
ubexponential decay of ultrashort �800 nm pulses [2–4].
or example, measurements in [2] suggest the possibility
f subexponential decay in water owing to the presence of
rillouin–Sommerfeld optical precursors [5], which have
een an area of extensive research [6,7]. The observation
f deviations from Beer’s law and subexponential decay of
lectromagnetic waves in water would also have a signifi-
ant impact on applications other than underwater com-
unications, such as medical imaging [8].
Choi and Österberg [2] report nonexponential attenua-

ion and pulse breakup of broadband femtosecond pulses
n water, which they attribute to precursor formation.
heir findings have quickly led to further analysis offer-

ng alternative explanations [9,10]. More recently, Fox
nd Österberg [4] propose that the observed nonexponen-
ial decay depends not only on pulse duration but also on
he pulse repetition rate; they report the observation of
onexponential decay for a 1 kHz repetition rate, 60 fs
ulse train, but do not observe such behavior for an
0 MHz repetition rate, 900 fs pulse train. Fox and Öster-
erg suggest that this deviation from exponential decay is
ue to the time scale of relaxation processes in water,
here the pulse duration must be short enough to avoid
ibrational transitions and the repetition rate must be
ow enough to allow water to reach equilibrium prior to
he arrival of the subsequent pulse [4].

In contrast, Li et al. [11] report that the bandwidth, not
he repetition rate, is the primary cause of deviations
rom a single-exponential decay. In their experiments
hey use spectrally broad 100 nm pulses centered at
00 nm that vary from 10 to 250 fs in duration at a rep-
tition rate of 75 MHz to demonstrate deviation from
ingle-exponential decay independent of pulse duration.
i et al. show that the subexponential decay occurs only
1084-7529/07/103343-5/$15.00 © 2
hen the pulse bandwidth is high ��100 nm� and that for
maller bandwidths ��30 nm� the decay is monoexponen-
ial, which is in disagreement with the results reported by
ox and Österberg [4], who observed subexponential de-
ay with 20 nm bandwidth pulses. However, Li et al. used
00 fs pulses for investigating propagation dynamics at a
kHz repetition rate. This pulse duration is insufficiently

hort to compare with the claims made in [4] for observ-
ng subexponential decay.

In this paper, we report our investigation of femtosec-
nd pulse propagation in water. The body of the paper is
ivided into two sections. First, we perform numerical
imulations using various bandwidths and center wave-
engths to determine to what extent the absorption dy-
amics depend on these parameters. Our simulations
how that both nonmonoexponential decay and temporal
ulse breakup can be obtained within the framework of
eer’s law for the broad-bandwidth pulses used by Choi
nd Österberg in [2]. Next, we perform experiments to de-
ermine the dependence of repetition rate and pulse du-
ation on pulse absorption, using four different laser sys-
ems at 800 and 1530 nm. The experimental parameters
e use here are similar to those used in [4], where the
andwidth should not affect deviations from a monoexpo-
ential decay. In all four experimental regimes, we ob-
erve strictly monoexponential decay, confirming that
ropagation of femtosecond pulses in water obeys the
eer–Lambert law.

. THEORY
o verify the dependence of the pulse bandwidth and cen-
er wavelength on the absorption dynamics, we perform a
umerical simulation of pulse propagation through water.
e assume a Gaussian input spectrum,

I0��� = exp�−
�� − �0�2

2�2 � , �1�

here �FWHM=�8 ln 2� is the pulse bandwidth (FWHM).
e use bandwidths of 20–60 nm and propagate the

ulses through different path lengths in water according
007 Optical Society of America
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o the Beer–Lambert relationship,

I��� = I0���e−����z, �2�

here I��� and I0��� are the output and the input pulse
pectra, respectively; ���� is the absorption spectrum of
ater in inverse centimeters, and z is the path length in

entimeters. In our modeling, we use sources similar to
hose used by Li et al. [11,12] and Choi and Österberg
2,13] for the frequency-dependent absorption spectrum of
ure water. To simulate the temporal dynamics, we use
he following empirical approximation for the index of re-
raction that has been shown to be accurate in the visible
nd the near IR [14,15]:

n��� = 1.128 + 15.76�−1 − 4382�−2 + 1145500�−3, �3�

here � is the wavelength in nanometers. Temporally, we
se Gaussian pulses given by

I0�t� = exp�−
�t − t0�2

2�2 � , �4�

here � is related to the FWHM pulse width according to

FWHM=�8 ln 2�. In order to model the pulses used by
hoi and Österberg [2], we use the FWHM wavelength
nd pulse-width values of 20–60 nm and 540 fs, respec-
ively, and add a linear chirp given by

��t� = t
�

�
+ �0, �5�

here �0 is the pulse center wavelength of 780 nm. Fi-
ally, we propagate these pulses through (linearly disper-
ive) water, which yields the arrival time for all wave-
ength components of the pulse,

tarrive��� = t0 − �t��� −
n���z

c � , �6�

here t0 is the arrival time of the center wavelength �t0
tarrive�780 nm�� and t��� is the inverse of ��t�.

ig. 1. (Color online) Theoretical analysis of linear propagation
ropagation distance for Gaussian pulses with a spectral width o
bsorption spectrum of water in the visible and NIR range [12,13
emporal pulse splitup of linearly chirped 540 fs, 780±60 nm
reakup is obtained solely from wavelength-dependent linear ab
Our findings show that the absorption spectrum of wa-
er acts as a filter that spectrally reshapes the pulse and
hus yields nonmonoexponential energy decay [4,10,11],

hile a large spectral bandwidth is a major factor in de-
ermining the deviation from monoexponential decay [11],
e also find that this behavior strongly depends on the
ulse central wavelength. This leads to complex decay dy-
amics. Figure 1(a) shows the transmission as a function
f propagation length for various center-wavelength
ulses with a spectral bandwidth of 20 and 50 nm
FWHM). We see that for a 760 nm pulse, a bandwidth of
0 nm yields strictly monoexponential decay, whereas an
ncrease in bandwidth to 50 nm is sufficient to introduce
arge deviations from monoexponential behavior, in
greement with Li et al. [11]. However, Fig. 1(a) also
hows that the decay dynamics changes significantly over

narrow range of center wavelengths; a 760±50 nm
ulse displays considerable curvature away from monoex-
onential behavior, a 780±50 nm pulse is considerably
traighter, and a 800±50 nm pulse nearly decays monoex-
onentially. It is interesting to note that the difference be-
ween these three wavelengths is nearly equal to the dif-
erence between the 50 and 20 nm bandwidths of the
forementioned 760 nm pulses. Thus, we find that in ad-
ition to bandwidth, the position of the pulse center wave-
ength within the absorption spectrum is a crucial factor
n the absorption dynamics of broadband pulses in realis-
ic dielectric media.

In addition to reproducing the curvature in the absorp-
ion dynamics seen by Choi and Österberg [2], our model-
ng of their linearly chirped pulses further reproduces
heir observed pulse splitting. Figure 1(b) displays the ef-
ects of both the absorptive spectral filtering ������ and
he linear dispersion �n���� of the water on the temporal
rofile of the propagating pulse. As seen in Fig. 1, an ini-
ially narrow 540 fs pulse is considerably broadened after
ropagating through 250 cm of water and appears to split
n time, yielding two peaks separated by 	15 ps. This
ulse splitting is nearly identical to that experimentally
emonstrated by Choi and Österberg [2], who presented it

adband pulses in water. (a) Transmitted power as a function of
d 20 nm (FWHM) for three different center wavelengths. Inset,
line, fit to monoexponential decay for the 760±20 nm pulse. (b)

after traveling through 250 cm of water. Note that this pulse
n (Beer’s law) and dispersion.
of bro
f 50 an
]. Solid
pulses
sorptio
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s strong evidence of the presence of optical precursors.
he simulations presented here, however, show that this
emporal splitting can be entirely explained within the
ramework of Beer–Lambert (linear) absorption by ac-
ounting for spectral filtering and normal dispersion in
ater.

. EXPERIMENT
s presented above, our simulations account for nonmo-
oexponential decay dynamics in broad-bandwidth
ulses. However, they do not address previous observa-
ions of nonmonoexponential decay dynamics in narrow-
andwidth pulses that were attributed by Fox and Öster-
erg [4] to pulse duration and repetition rate. Thus, we
ook to study these conditions experimentally. First, we
nvestigate the absorption characteristics of water near
00 nm using a Ti:sapphire oscillator with a pulse dura-
ion of 66 fs and a repetition rate of 80 MHz. The spec-
rum is centered at 792 nm with a bandwidth of 18 nm
WHM, similar to that used in [4]. We use a multipass
ell and a pick-off mirror on a translation stage to vary
he number of mirror bounces. A photoschematic of the
ell is shown in Fig. 2. We propagate the pulse train
hrough the water cell and measure the transmission by
sing a high-sensitivity powermeter (Thorlabs PM130).
he total path length is varied from 60±1 to 480±1 cm.
he losses due to the mirrors in water are estimated by
omparing two power measurements. First, we measure
he transmission straight through the water cell. We then
osition a mirror in the center of the cell and take a re-
ection measurement. This way, both paths are equidis-
ant in water and include the same number of passes
hrough the windows; the only difference between them is
he reflection from the single dielectric mirror. From these
easurements, the reflectivity of the mirror underwater

s estimated to be 98.5%. Figure 3(a) presents the trans-
ission measurements for 800 nm pulses, for which pure

xponential attenuation with propagation distance is ob-
erved. Thus, our results indicate that short pulse dura-
ions do not contribute to deviations from monoexponen-
ial decay.

ig. 2. (Color online) Experimental setup of water cell for trans-
ission measurements at 800 nm. The path length was varied by
oving the pick-off mirror to change the total number of

ounces.
It has been suggested that observation of subexponen-
ial absorption of optical pulses in water is dependent on
oth the pulse duration and the repetition rate [4]. To in-
estigate whether the combination of short pulse duration
nd low repetition rate influences the absorption, we use
n ultrafast amplifier (Quantronix Integra-E), which gen-
rates 84 fs pulses at a repetition rate of 1 kHz. The pulse
pectrum is centered at 804.7 nm with a bandwidth of
2.8 nm FWHM, similar to parameters used in [4]. Using
he water cell described above, we measure the transmit-
ed power by using the same high-sensitivity powermeter.
or the amplified pulses, we work at lower average pow-
rs and with peak intensities well below those for which
onlinearities such as multiphoton absorption could be
bserved. As a result, the average power is much lower
han in the 80 MHz case, which makes detection over a
arge dynamic range more difficult. It is important to op-
rate above the noise threshold of the detector at longer
ell lengths to avoid a dc bias in our measurements. As
hown in Fig. 3(b), 800 nm ultrashort pulses at a repeti-
ion rate of 1 kHz also follow a strictly monoexponential
bsorption with path length. Thus, we conclude that the
ulse duration and the repetition rate do not contribute to
ubexponential absorption of optical pulses in our experi-
ents.
To determine whether this behavior is dependent on a

articular wavelength regime, we also investigate water
bsorption at telecommunication wavelengths. Since the
bsorption coefficient is much larger in this wavelength
egime, we designed a water cell with a much shorter
ath length. We investigate absorption for two different
epetition rates. We use an optical parametric amplifier
OPA), which outputs 100 fs pulses at a repetition rate of
kHz. The pulse spectrum of the OPA is centered at

530 nm, with a bandwidth of 30 nm FWHM. In addition,
e use an optical parametric oscillator (OPO), which out-
uts 270 fs pulses at a repetition rate of 80 MHz. The
pectrum of the OPO is centered at 1532 nm with a band-
idth of 24.5 nm. The pulses are sent into a water cell,
nd the transmission spectrum is measured by using an
ptical spectrum analyzer. For both cases, we perform the
easurements with the spectral window of �200 nm cen-

ered on the pulse spectrum.
Figure 4 shows the relative power output as a function

f propagation distance for the two different repetition
ates. For the measurement performed using the OPO,
he spectral window over which we perform the measure-
ent is critical. The spectrum directly from the OPO has

n artifact at 1361 nm, which is 32 dB lower than the
ain peak at 1532 nm. However, this artifact becomes

ominant at longer cell lengths ��6.0 mm�, effectively
cting as a background in our measurement that leads to
eviations from a monoexponential decay. This indicates
hat when taking such measurements it is essential to
hoose the correct spectral window to measure the ab-
orption characteristics of the pulse spectrum and that
areful attention must be paid to ensure the complete ex-
inction of spurious wavelengths. The outcome of the
easurement depends strongly on the quality of the

andpass filter used, since a poor extinction can lead to
igh transmission at the tails of the transmission band,

eading to higher overall transmission. This will be espe-
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ially important when filtering a small component from a
roadband spectrum. This offers a possible explanation in
he discrepancy between our results and that of [4], since
hey use a bandpass filter to shape their input spectrum
oing into the water cell. The measured loss is exponen-
ial down to values of −45 dB for both cases, which shows
hat in our experiment pulse duration and the repetition
ate do not affect linear absorption in water.

. CONCLUSION
e conducted measurements of the absorption dynamics

f femtosecond pulses in water at two different wave-
engths and repetition rates, and we do not observe devia-
ions from exponential decay down to nominal transmis-
ions of 2.5�10−5. Simulations show that broad-
andwidth pulses can lead to deviations from
onoexponential decay and to spectral pulse breakup
ithin the strict framework of linear absorption and are

hus not an indication of any deviation from Beer’s law.
he frequency components of the pulse corresponding to
egimes in the water spectrum having a smaller absorp-
ion coefficient lead to higher transmission. Thus, in order
o use optical wavelengths for underwater communica-
ions, it is necessary to center the carrier frequency of the
ulses in a regime where the water is more transparent,
ather than relying on the wings of the pulse spectrum to
ropagate through the medium.

ig. 4. (Color online) Plot of transmitted power through distille
kHz repetition rate centered at 1530 nm and (b) a 270 fs pulse

re monoexponential fits to the data.

ig. 3. (Color online) (a) Plot of transmitted power through dist
0 MHz repetition rate centered at 795 nm. The solid line is a m
istilled water as a function of path length for an 84 fs pulse tra
onoexponential fit to the data.
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