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Abstract: The ANTARES experiment is currently the largest underwater neutrino telescope and is taking high
quality date since 2007. Sea water is used as the detection medium of the Cherenkov light emitted by relativistic
charged particles resulting from the interaction of neutrinos. The particle trajectory is reconstructed from the
measured arrival times of the detected photons. The propagation of Cherenkov light depends on the optical
properties of the sea water and their understanding is crucial to reach the optimal performance of the detector. The
group velocity depends on the wavelength of the photons and this is usually referred to as chromatic dispersion.
This group velocity of light has been measured at eight different wavelengths between 385 nm and 532 nm in the
Mediterranean Sea at a depth of about 2 km with the ANTARES optical beacon systems. A parametrization of the
dependence of the velocity of light on wavelength based on the salinity, pressure and temperature of the sea water
at the ANTARES site is in good agreement with these measurements.
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1 Introduction
The ANTARES neutrino telescope is located at the bottom
of the Mediterranean Sea at a depth of 2475 m, roughly
40 km offshore from Toulon in France. Sea water is used
as the detection medium of the Cherenkov light emitted by
relativistic charged particles resulting from the interaction
of neutrinos around the detector. The particle direction
is reconstructed from the measured arrival times of the
detected photons through a three dimensional array of 885
photomultiplier tubes (PMTs) arranged in twelve vertical
lines. Along each line with a vertical separation of 14.5 m,
three PMTs are oriented with their axis pointing downward
at an angle of 45o with respect to the vertical line direction.
The horizontal separation between lines is about 70 m.
Further details can be found in [1].

Charged particles crossing sea water induce the emission
of Cherenkov light whenever the condition β > 1/np is ful-
filled. β is the speed of the particle in sea water with respect
to the speed of light in vacuum and np is the phase refrac-
tive index, i.e. the ratio between the phase speed of light in
the water and that in vacuum. The Cherenkov photons are
emitted at an angle with respect to the particle track given
by cosθc =

1
βnp

, and travel in the medium at the group ve-
locity, therefore the relevant quantity for light transmission
is the group refractive index, ng. Both the phase and group
refractive indices depend on the wavelength of the photons,
an effect usually referred to as chromatic dispersion and
has the effect of making the emission angle and the speed
of light wavelength dependent. The group refractive index
is related to its phase refractive index through

ng =
np

1+ λ

np

dnp
dλ

, (1)

where λ is the wavelength of light.
The present measurement of the refractive index has been

made using the Optical Beacon system [2] of ANTARES.
This system consists of a set of pulsed light sources (LEDs
and lasers) which are distributed throughout the detector

and illuminate the PMTs with short duration flashes of
light. The refractive index is deduced from the recorded
time of flight distributions of photons at different distances
from the source and has been measured for eight different
wavelengths between 385 nm and 532 nm.

As the PMTs are color blind, the variation of the photon
emission angle and of the group velocity due to chromatic
dispersion cannot be accounted for on a photon by photon
basis. Nevertheless, a good knowledge of this wavelength
dependence enables to make the optimum average correc-
tions and to estimate the uncertainty introduced [3].

Several measurements similar to the one presented in
this paper have been performed in the past [4, 5, 6].

2 Experimental Setup
The PMTs of ANTARES are sensitive to photons in the
wavelength range between 300 nm and 600 nm. They have
a peak quantum efficiency of about 22% between 350 nm
and 450 nm. The PMT measures the arrival time and charge
amplitude of the detected photons. The single photoelectron
transit time spread of the PMT is around 3.5 ns full width
at half maximum (FWHM) [2].

The refractive index has been measured using the
ANTARES Optical Beacon system. This system of short
pulse light sources was primarily designed to perform time
calibration in situ [2, 7], but is also being used to measure
the optical properties of water. There are two types of Opti-
cal Beacons (OBs), the LED Beacons (LOBs) and the Laser
Beacons (LBs). There are four LOBs per line and two LBs
at the bottom of the two central lines.

An LOB contains 36 individual LEDs distributed over six
vertical faces shaping a hexagonal cylinder (Figure 1, left).
On each face, five LEDs point radially outwards and one
upwards. All the LEDs emit light at an average wavelength
of 469 nm, except two LEDs located on the lowest LOB
of line 12 which emit light at an average wavelength of
400 nm. In order to extend the measurement of the optical
properties, a modified LOB was deployed in 2010 taking
advantage of the redeployment of Line 6. This modified



Velocity of light in water
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 1: Left: Picture of a LED Optical Beacon. Right:
Picture of a Laser Beacon.

LOB has three LEDs per face instead of six, all of them
pointing upwards. The three LEDs of each face emit at the
same wavelength. The average wavelength of the light from
the six faces of the modified LOB are 385, 400, 447, 458,
494 and 518 nm. The LEDs emit light with a maximum
intensity of ∼160 pJ and a pulse width of ∼4 ns (FWHM).
The intensity of the emitted light can be varied changing
the voltage feeding the LEDs.

The laser, a Nd-YAG solid state laser, is a more powerful
device and emits pulses of light with an intensity of ∼1 µJ
and pulse width of ∼0.8 ns (FWHM) at an average wave-
length of 532 nm (Figure 1, right). The LEDs and lasers
flash at a frequency of 330 Hz provided by the DAQ sys-
tem [8]. Further details about the OBs system can be found
in [2, 7].

The light spectrum of the eight sources used for this
analysis (seven LEDs with wavelengths between 385 nm
and 518 nm and one Laser with wavelength of 532 nm)
were measured using a calibrated spectrometer. The spec-
trometer was first crosschecked with the green Nd-YAG
Laser (532 nm) and then used to measure the spectral emis-
sion of the LEDs in pulsed mode operation (see Figure 2,
upper). As can be seen the width of the wavelength spectra
is around 10 nm for all the light sources except for the LED
with average value of 518 nm, which is larger, and the laser,
which is much smaller (∼2 nm).

Due to the wavelength dependence of the absorption of
light in water, the spectra change as a function of the dis-
tance traveled by the light. The expected wavelength dis-
tributions as a function of distance have been estimated by
Monte Carlo simulation using the dependence of absorption
length on wavelength given by [9]. In the lower panel of Fig-
ure 2 the estimated wavelength distributions at 120 m are
shown for the different LEDs. Most of the wavelength dis-
tributions show small changes, except the light sources with
wavelengths above 500 nm where the absorption length
spectrum is steeper and the absorption has a larger effect.
Notice that the distributions have been normalized to unity
in each peak and therefore the relative effect of absorption
between sources is not observed. This renormalization is
performed in order to show the change in the shapes of the
distributions, which influences the velocity measurement.
The evolution of these wavelength distributions along the
light path is taken into account in the final results (Section
4). In particular the uncertainty assigned to the wavelengths
has been taken to be the root mean square of the wavelength
distribution given by the simulation.
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Figure 2: Upper: Light source distributions measured with
the spectrometer (normalized to unit intensity). The spec-
trometer measurement are made in air. The data points have
been smoothed and the highest value of each wavelength
distribution is set equal to one. Lower: Simulated spectral
distribution at a distance of 120 m in sea water with the
highest value normalized to one. The difference between
the upper and lower spectral distributions are due to the
variation of the absorption length as a function of the wave-
length.

3 Data Acquisition and Analysis
In order to measure the optical properties of the deep sea
water, such as the refractive index and the absorption and
scattering lengths, special dedicated runs were performed
using the OB system. During these runs, one single upward
looking LED of the lowest OB in a line was flashed (see
Figure 4, left). Only the signals recorded by the PMTs
along the same line where the flashing OB was located are
used in the analysis, so that the influence due to the line
movements are negligible and no corrections to the nominal
PMT positions have to be applied.

The runs used in this analysis were taken from May 2008
to April 2011. Each run contained typically more than 105

light flashes. For each flash, its time of emission as given
by the small PMT inside the OB was recorded. The arrival
time of the photons to the PMTs further above the line
were recorded within a time window spanning from 1500 ns
before the flash to 1500 ns afterwords. The integrated charge
of the analogue pulses of the PMTs were also recorded.
Only runs were used with rates of background light below
100 kHz and stable in time.

Figure 3 shows the distribution of the time of arrival of
photons to a PMT located 100 m above the flashing LED
optical beacon (λ = 469 nm) with a clear peak at around
470 ns. The zero time is the time of emission of the flash
as recorded by the internal PMT of the LOB. The peak at
t=470 ns corresponds to the shortest propagation time of
light. The tail of delayed photons is due to light scattering.
The flat distribution before and after the peak is the optical
background due to 40K decays and bioluminescence.

Since the distance traveled by the light from the emitting
OB to the different OMs along the line is of the order of
hundreds of meters the effect of scattering has to be taken
into account. The arrival time distributions are fitted to a
convolution of a Gaussian and an exponential distribution
on top of a flat background. The Gaussian distribution
models the transit time spread of the PMTs, the time width
of the pulsed emitted by the LED optical source and the
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Figure 3: Arrival time distribution of LED light detected
by a PMT at 100 m. The inset shows a zoom around the
signal region. Superimposed is the result of the fit to the
convolution of a Gaussian and an exponential distribution
(see text).

effect of the chromatic dispersion in water. The exponential
distribution takes into account the effect of the scattering of
photons in water. The fit function can be formulated as:

f (t) = b+h · e−
t−µ

τ × erfc

(
1√
2

(
σ

τ
− t−µ

σ

))
, (2)

where t is the arrival time of the photons. The fit parameters
are the optical background b, the height of the fit function
h, the mean µ and width σ of the Gaussian distribution and
the exponential decay constant τ . In Equation 2 erfc(t) is
the complementary error function distribution, i.e. erfc(t)=

2√
π

∫
∞

t e−t2
dt. An example of the fit is shown in the inset of

Figure 3 where the peak region has been enlarged. The fit is
made in the range from 200 ns before the most populated
bin and 20 ns after. The arrival time at each PMT is given
by the fitted mean value of the Gaussian distribution. The fit
results are stable to changes in the fit range and histogram
binning.

An example of the measured arrival times versus the
distances between the corresponding OB and the PMTs
are shown in Figure 4 right. Since at each storey there are
three PMTs there can be up to three measurements for
each distance. The nearest PMTs to the OB are excluded
from the fit since they receive a very high amount of light
and have a bias in the time estimate caused by the early
photon effect [2]. The minimum distance for the fit range
is chosen in such a way that the average collected charge
amplitude per flash is below 1.5 photoelectrons (p.e.). The
maximum distance is chosen so that the signal is at least
seven sigmas above the average background. The slope of
a linear fit through the measured points gives the inverse
of the measured velocity of light in water (vmeasured). The
measured refractive index is defined as

n = c/vmeasured (3)

with c = 2.9979×108 m · s−1. The error of the refractive
index given in Figure 4 right is the error estimated by the
linear fit.

Monte Carlo simulations have been used to check the
stability of the analysis and to study the systematic effects.
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Figure 4: Left: Schematic view of an upwards LED flashing
light located in the lowest optical beacon. Only signals
recorded by the PMTs along the same line are used. Right:
The Figure shows the arrival time as a function of the
distance between the LED and the different PMTs. The
slope of a linear fit to the arrival time versus distance gives
the inverse of the light velocity.

Monte Carlo runs taking into account the geometry of the
detector and modeling the light propagation in water have
been used to analyze the time distributions and calculate
the refractive index for different optical parameters. The
analysis method was first validated with Monte Carlo
samples for the wavelength values of 400 nm, 470 nm and
532 nm. A variation in the absorption length between 30 m
and 120 m produces a variation in the refractive index lower
than 0.1%. The main systematic uncertainty is given by the
variation of the scattering length between 20 m and 70 m.
The measured refractive index increases up to 0.3% using
the scattering length of 20 m. Adding in quadrature the
individual errors one obtains a systematic error that varies
from 0.3% to 0.4% depending on the wavelength.

4 Refractive Index and Data Results
The refractive index of sea water at a given wavelength
depends on the temperature, the salinity of the water and
the pressure. A parametric formula for the phase refractive
index proposed by [10], based on data from [11], has
been modified with appropriate pressure corrections [4].
The phase refractive index for sea water as a function of
wavelength at temperature T = 12.9± 0.1◦ and salinity
S = 3.848±0.001% and pressure p is given by

np(λ , p) = 1.32292+(1.32394−1.32292)×

× p−200
240−200

+
16.2561

λ
− 4382

λ 2 +
1.1455×106

λ 3 . (4)

The parametrization of the refractive indexes ng (using
Equation 1 and Equation 4) is shown in Figure 6 for the
given values of temperature and salinity, and for a pressure
between 200 atm and 240 atm.

The environmental parameters can be considered stable
in time so that, from measurements of temperature, salinity
and pressure, the refractive index for a particular wavelength
and at a given depth can be calculated with a precision
better than 4×10−5.

Between May 2008 and March 2010, a total of 42 runs
taken with an average wavelength of 469 nm, 14 runs with
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Figure 5: Distribution of the measured refractive index for
a total of 42 runs for a LED with λ=469 nm taken between
May 2008 and March 2010.

an average wavelength of 400 nm and 13 runs with an
average wavelength of 532 nm were collected and analyzed
according to the methods explained in Section 3. The runs
were taken with three different LED intensities. Depending
on the LED light intensity, the minimum and maximum
fit range values varies. For a typical high, middle or low
intensity run at a wavelength of 469 nm the fit range is
between 50 m and 250 m, 40 m and 220 m, and 10 m and
130 m respectively. The measured refractive index values
of the 42 runs with a wavelength of 469 nm are shown in
Figure 5. Between November 2010 and April 2011 eight
runs with the modified OB have been collected, extending
the measurements with six additional wavelengths. The
measured refractive indices with their systematic errors
estimated in Section 3 are compared with the Equation 4
in Figure 6. As mentioned in Section 2, the uncertainties
in the wavelengths have been taken to be the root mean
square of the corresponding distribution at the middle of the
distance ranges. As can be seen from Figure 6 the results
are compatible with the theoretical prediction.

As mentioned in Section 1, the PMTs are unable to
distinguish the wavelength of the incoming photons, so the
effect of this chromatic dependence can only be taken into
account on average. The spread of the arrival time residuals
with respect to the expected arrival time of a 460 nm photon
have been computed by means of a standalone Monte Carlo
simulation using the phase velocity for the emission angle
and the group velocity (as given by the Equations 4 and
Equation 1) for the arrival time. This simulation indicates
that the spread of the time residual is 0.6 ns at 10 m, 1.6 ns
at 40 m, 2.7 ns at 100 m and 3.6 ns at 200 m. The time
uncertainty introduced by this spread is unavoidable and
is taken into account in the ANTARES official simulation
program [12, 13]. Even though the exact influence of
the medium depends on the particular Cherenkov photon
(wavelength, distance to the hit PMT) and therefore requires
a full simulation, a rough estimate of the average effect can
be obtained assuming that a majority of hits are between
40 m and 100 m from the track, which gives a value of∼2 ns
for the uncertainty introduced by the transmission of light
in sea water, including chromatic dispersion. This value is
to be compared with∼1.3 ns coming from the PMTs transit
time spread and to ∼1 ns from time calibration.
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Figure 6: Group and phase refractive index as a function of
the wavelength for a given temperature and salinity with
measured data points and its systematic error bars.

5 Conclusion
Pulsed light sources with wavelengths between 385 nm
and 532 nm shining through sea water have been used
to measure the refraction index using the time of light
distribution detected by the PMTs at distances between few
tenth and few hundred meters from the source. Dedicated
Monte Carlo simulations have been used to validate the
analysis method and to evaluate the systematic errors. The
data results obtained for the dependence of the group
refractive index on wavelength are compatible with the
parametrization as a function of salinity, pressure and
temperature of sea water at the ANTARES site.
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