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ABSTRACT A new approach to remote sensing of the ocean is
proposed. It is based on a combination of Brillouin scattering,
incoherent lidar techniques and high-resolution frequency dis-
crimination via gas absorption cells. The results of theoretical
and experimental research are given. This approach provides the
capability of rapid real-time monitoring of sound-speed or tem-
perature profiles both in the open ocean and in littoral zones with
high resolution and high accuracy.

PACS 42.68.Wt; 42.79.Qx; 78.35.+c

1 Introduction

Lidar remote-sensing measurements for frequency
shifts smaller than 1 GHz have numerous atmospheric and
oceanic applications. For measuring such small frequency
shifts, the use of atomic resonance filters (ARFs) is an import-
ant technique [1, 2]. The so-called edge technique has been
shown to be the most powerful technique for remote sensing
of the atmosphere [3–5]. The most commonly used atomic
resonance filter is the iodine absorption cell [6, 7].

Brillouin scattering shows significant potential in lidar re-
mote sensing of the ocean. It can be used to measure the
speed of sound and the temperature of the seawater [8–12].
Brillouin-scattering techniques have an advantage in com-
parison with Raman scattering because the narrow Brillouin
line width minimizes the effects of daylight and fluores-
cence [13]. On the other hand, high-resolution spectroscopy
is needed for Brillouin scattering. Hirschberg and Byrne ad-
dressed the high-resolution problem by using a dual Fabry–
Pérot etalon [9]. It is, in fact, analogous to the edge tech-
nique discussed in recent years. Liu et al. made measure-
ments using a scanning Fabry–Pérot etalon [12]. However,
a Fabry–Pérot etalon has a very limited solid angle for ac-
ceptance of the lidar return signal, which severely limits
the capabilities of such an approach. The innovative idea of
using a Fabry–Pérot etalon combined with a zone plate avoids
the acceptance solid angle problem [13], but an appreciable
fraction of the signal photons are lost in the higher orders
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of the Fabry–Pérot. For practical applications, a powerful
pulsed laser with a repetition rate of 10–20 Hz is necessary
as the source of the lidar system. If Brillouin scattering is
measured by a scanned Fabry–Pérot etalon, a long scanning
period (which may be several minutes) is needed to obtain
enough samples and a real-time measurement could not be
made.

So, a technique to perform real-time measurement of Bril-
louin scattering in water with high resolution and accuracy is
very important, and the edge technique is ideal for achieving
this purpose. Although the edge technique has been success-
fully used in remote sensing of the atmosphere, there is no
report of its use in remote sensing of the ocean. A Brillouin li-
dar system for remote sensing of the ocean based on the edge
technique is presented as follows.

2 Basic considerations

The fundamental theory of Brillouin scattering is
well known [14, 15]. In brief, the Brillouin scattering consists
of two inelastically scattered Lorentzians centered symmet-
rically at ±νB with respect to the Rayleigh line that has no
frequency shift (see Fig. 1). For water, the width (FWHM)
of the Brillouin lines is approximately 0.5 GHz and νB is
7–8 GHz [14]. The principle of using the edge technique to
measure the Brillouin scattering in water is shown schemat-
ically in Fig. 2. The basic idea of the edge technique is to
locate a frequency-dependent backscattering line on a steep
edge of a transmission line of an optical filter, so that a small
frequency change gives a large signal change.

FIGURE 1 Ideal spectrum of Brillouin scattering in water
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FIGURE 2 Principles of the edge technique

Based on the above, an ideal filter used in the edge tech-
nique should: (1) block the central line with the laser fre-
quency; (2) have steep transmission edges located at the cen-
ter of each Brillouin line with opposite slopes; (3) have a high
maximum transmission and (4) reject the background light,
i.e. have 100% absorption outside the transmission edge.

The edge technique has obvious advantages. Due to the
steep slope of the edge a small change in the Brillouin shift
will make a large change in the signal transmitted, so it is very
sensitive and can achieve a high-resolution measurement. An-
other important advantage of such double edge filters is that
a change in the incident laser frequency or a Doppler shift due
to movements of the liquid will increase the edge-filter sig-
nal corresponding to one Brillouin line and decrease the signal
corresponding to the other. Therefore, such systematic effects
are canceled.

3 An example system using bromine and iodine
absorption cells
Figure 3 shows an example of the system. The

returned scattered signal first passes through a cell (called
a blocker) containing an absorption gas, which absorbs the
unshifted central frequency component and transmits most of
the light in the Brillouin-shifted components. This transmitted

FIGURE 3 Schematic for an example system

signal then passes through a 1 : 1 beam splitter that sends one-
half of the transmitted intensity to the first detector to form
signal S1; the remaining half passes through a second cell
(edge filter) containing another absorbing gas and the inten-
sity transmitted enters a second detector to form signal S2 . The
fraction of the intensity absorbed in the second cell depends
on the Brillouin shift due to the positions of its absorption
lines.

The problem is to choose suitable absorption gases to
match the frequency of the laser. There are many possible
molecular transitions. In our system bromine and iodine are
chosen since the Nd : YAG laser is generally used in remote
sensing of the ocean. The first absorption cell (the blocker)
is a Br2 cell. Its absorption spectrum around the frequency
of an Nd : YAG laser is shown in Fig. 4. The zero value of
the frequency is νL = 18 776.7402 cm−1, corresponding to
a wavelength 532.573806 nm, which is well within the tun-
ing range of an Nd : YAG laser. The second absorption cell
(the edge filter) is an I2 cell. Its absorption spectrum around
the frequency of an Nd : YAG laser is shown in Fig. 5. The
two absorption lines used are #1071 and #1073 correspond-
ing to frequencies 18 776.4607 cm−1 and 18 777.0292 cm−1,
respectively. To understand the function of the two cells
the ideal spectrum of Brillouin scattering in water is shown
in Figs. 4 and 5.

The profiles gBr(ν) and gI(ν) of the two spectra can be ob-
tained by fitting the data of the two figures. Also, the Brillouin
line is a Lorentzian, which is expressed as

f(ν, νB) = 1

πΓB

{
1

1 +[2(ν− νB)/ΓB]2

+ 1

1 +[2(ν+ νB)/ΓB]2

}
, (1)

where ΓB is the width (FWHM) of the Brillouin lines, which
has a typical value of ΓB = 0.5 GHz. Assuming that the sig-
nal intensity incident on the Br2 cell (blocker) is unity, then,
according to Fig. 3, the fractions of the lidar return that are
received by the first and second detectors are given by

�1(νB) = 1

2

∞∫
−∞

f(ν, νB)gBr(ν)dν , (2)

FIGURE 4 Absorption spectrum of a bromine ( 79Br2) cell
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FIGURE 5 Absorption spectrum of an iodine ( 127I2) cell

�2(νB) = 1

2

∞∫
−∞

f(ν, νB)gBr(ν)gI(ν)dν . (3)

The observed signals are

S1 = �1 Npe , S2 = �2 Npe , (4)

where Npe is the number of output Brillouin photo-electrons
produced per pulse by an optical receiver in a pulsed laser
backscattering system. A normalized signal intensity S(νB)

can be defined as

S(νB) = S2

S1
= �2

�1
or S(νB) = S2

S1 − S2
= �2

�1 −�2
. (5)

The definition S(νB) = S2/S1 will be used here. The Brillouin
shift can be determined from the normalized intensity. Fig-
ure 6 gives the dependence of the Brillouin shift on the value
of the normalized signal. It can be clearly seen that there is
one-to-one correspondence between normalized intensity and
Brillouin shift.

4 Experimental measurements

Figure 7 shows schematically the geometry of the
set-up for taking experimental measurements. In our experi-
ments an injection-seeded pulsed Nd : YAG laser (Continuum
9010) was employed, which was tuned so that its frequency

FIGURE 6 Brillouin-shift dependence of normalized intensity

FIGURE 7 Set-up geometry of experimental measurements. M: mirror, BS:
beam splitter. The narrow-band filter is a multiple-layer interference filter
with a bandwidth of 3 nm and a transmission of 62%

matches the central frequency of the Br cell exactly. The os-
cilloscope used was an Agilent Infinium 54832B, and a com-
mand was used to measure the peak value. The software Agi-
lent VEE was used for data acquisition and control of the os-
cilloscope. In the telescope we used a pinhole with a diameter
of 15 µm to block the noise from other directions. A narrow-
band filter with 3-nm bandwidth and 62% transmission was
used to minimize the noise from other frequencies. The tele-
scope, the narrow-band filter and the two absorption cells
were aligned in a 3-m-long PVC tube. The scattered signal
from the water was reflected into the tube by a curved mirror.
The temperatures of the two absorption cells were controlled
electronically so that proper absorption could be measured.

FIGURE 8 Measured data in experiments by the edge technique. a Tem-
perature dependence of normalized signal, b calibrated Brillouin-shift depen-
dence of normalized signal
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Figure 8 shows the experimental result. Figure 8a gives
the measured data of Brillouin shift at different temperatures.
The dots with error bars are the measured data. Each dot is
the average of 200 measurements. In the measured normalized
signal, the values were larger than 1 at lower temperatures,
since the beam splitter used (BS in Fig. 7) was not a strict 1 : 1
splitter; also, at low temperature a small Brillouin shift forms
a small overlap area between the Brillouin line and the ab-
sorption line of the iodine cell. Figure 8b gives the calibrated
result of the normalized signal vs. Brillouin shift, which we
can use to determine the Brillouin shift in water by measur-
ing the normalized intensity. The calibration was made using
our previous experimental measurements on Brillouin scatter-
ing [12]. Here, it should be pointed out that the function of
Fig. 8b is a calibration, but it is based on the specific absorp-
tion cells used at certain pressures and temperatures. How-
ever, it is easy to calibrate the normalized signal for different
measuring conditions.

5 Statistical error of the technique

Assuming that only the shot noise is considered,
the statistical error is related to the signal-to-noise ratio of the
system as [16]

SNR = Npe/
√

Npe = √
Npe .

Then, the statistical error in Brillouin shift can be expressed as

∆νB = αΓB/SNR = αΓB/
√

Npe , (6)

where α is a factor of statistical uncertainty; it has a value
larger than unity. In general, its value can be chosen as α < 4.
In this paper, we choose it as α = 3. Figure 9 gives the statis-
tical error in Brillouin shift. It is clear that the statistical error
will be smaller when the energy of the laser output is higher,
because more photon numbers from the laser would induce
more Brillouin photo-electrons (which gives a larger value of
Npe), and will result in a higher signal-to-noise ratio. From
Fig. 9, in the temperature range used, ∆νB of the measure-
ments is about 20 MHz, and thus the relative statistical error is
less than 2%.

The details of the discussion of the statistical uncertainty
are more complicated, and will be presented in another paper.

FIGURE 9 Statistical error in Brillouin shift
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