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Abstract A new method for analyzing the signal of the
spectrum of Brillouin scattering in the ocean using F-P
etalon and ICCD is proposed. It is based on the principle of
interference of the F—P etalon. The capability of the method
is confirmed by processing experimental data from stimu-
lated Brillouin scattering spectrum in the water at differ-
ent temperatures. The experimental results show very good
agreement with theoretical values. This method provides a
feasible way to measure Brillouin frequency shift and line
width with high precision.

1 Introduction

The Brillouin lidar system has been proved very useful in
remote sensing of the ocean [1-5]. It can be used to mea-
sure temperature, sound speed and bulk viscosity of seawa-
ter [6, 7]. Among current methods for Brillouin signal mea-
surement, the edge technique [8, 9] cannot obtain the scatter-
ing spectrum; the scanning Fabry—Pérot (F-P) interferome-
ter [10, 11] requires long scanning time, therefore they have
limited applications. The F—P etalon combined with ICCD
[12] can overcome this problem and has more capability in
remote sensing applications.
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The information obtained using F—P etalon and ICCD
provides a Brillouin scattering spectrum based on interfer-
ence rather than absorption. Current technique measures fre-
quency shift plainly based on the relationship between peak
positions of different orders [12]. Unfortunately, this method
does not take full advantage of other information provided
by the interference spectrum such as intensities. So appli-
cation of this method is limited to frequency shift measure-
ment. In order to determine more seawater features in ocean
remote sensing, it is crucial to obtain multi parameters of
Brillouin scattering besides frequency shift.

The aim of this paper is to obtain a precise Brillouin spec-
trum from interference fringe pattern so that more features
can be measured. This novel spectrum signal processing
method is helpful for rapid multi parameters remote sens-
ing in the ocean, making the Brillouin lidar system using
F-P etalon and ICCD a more capable technology.

2 Theoretical considerations

In brief, the backscattered Brillouin echo signal collected by
a telescope is transmitted through F-P etalon and displayed
as fringes on ICCD, as shown in Fig. 1. The fringe intensity
pattern is a function of the Brillouin spectrum and the F-P
etalon transmission function. Ideally the transmission func-
tion of F-P etalon is called an Airy function and is expressed
as [13]

1

1+ F x sinz(w cos ;)

AX,r)=

ey

where u is refractive index, d is the plate spacing of F-P
etalon, A is the wavelength of incident light, 6; is the re-
fraction angle of incident light and is expressed by focusing
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Fig. 1 Schematic of a F-P etalon

focal length f7, image radius r and refractive index p in the
following way:

0; = sin~! (%> 2)
VI +rixu

F is the coefficient of finesse and is expressed by surface
reflectance R:

4R

It can be concluded from the form of the Airy func-
tion that mth order constructive interference occurs when
% cos6; = mm as the transmittance reaches its maximum
value. For incident light with single frequency, as the fringe
radius r increases, 6; will also increase, causing cos 6; to de-
crease, therefore constructive interference will occur several
more times with less number of orders. As a result, the inter-
ference fringes appear as a group of concentric circles with
different radii, varying as the incident frequency changes.

When incident light with various frequencies transmits
through an F-P etalon, the intensity observed with ICCD at
a certain radius » should be the sum of all intensities con-
tributed by each single frequency, and is expressed as [13]

+00
1(r) = %/ S() x Te(v) x A<%,r> dv

+ I )

Here G is the gain factor of the receiving optical path and
ICCD, Ay is the area of the etalon, 2 is the solid angle, T
is the integration time, Q is the quantum efficiency of the
ICCD, v is the frequency of light, S(v) represents the inci-
dent spectrum, 7¢(v) is the transmittance function of front-
end optical system, c is velocity of light in vacuum, A(5, r)
is the above mentioned Airy function (A = <), I represents
the background noise.

In reality, the laser used in experiment is influenced by
lidar system and optical system, the incident laser does not
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carry a single frequency, instead it is broadened by instru-
ment. After instrument broadening, the incident spectrum
S(v) is expressed as

+00
S(v) =/ B(®) x Di(v — ») dw

—00

/+°° 2/In2 x A

B(w) x

—o0 VT X Avg
—41n2 —w)?
xexp{ 1 ><(2v @) }da) &)
Avg

where Dj(v) is the instrument broadening function, gener-
ally it is considered to be a Gaussian function with line width
(FWHM) Avg and normalization constant A. B(v) is the
Brillouin scattering spectrum stimulated by laser of a single
frequency v, it is a Lorentzian function which is expressed
as

2 s
B =B X = x —————
7 4(v—vp)? 4T

(6)

['p is the line width of Brillouin spectrum, vp is the fre-
quency shift, B is normalization constant. The shape of a
Brillouin spectrum is uniquely determined by I'g and vg.

When v changes slightly, 7r(v) can be approximately
seen as a constant Tg|,. As the line width of instrumental
broadening Avg is extremely small, so instrument broad-
ening function Dy(v) can be simplified as impulse function
8(v — 7). Thus (5) can be expressed as

+00
S() = / B(w) x D1(v —w)dw

+00
~ / B(w) x §(v —w)dw = B(v) (N

—00

Taken this into consideration, (4) can be simplified as

+00
Iy =10) — Iy = K[ Bv) x A(% r) o ®
where
K= GAo2T QTx|y ©

4

I'(r) stands for the denoised fringe intensity after elimi-
nation of background noise. It is the integration of Brillouin
spectrum and Airy function. In the experiment A({,r) is
determined by F-P etalon, and I'(r) can be obtained; there-
fore Brillouin scattering spectrum B(v) can be acquired by
a nonlinear fitting.
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Fig. 2 Schematic diagram of a Brillouin lidar system

3 Experiments
3.1 Experimental configuration

Figure 2 shows the configuration of the Brillouin lidar sys-
tem using the F-P etalon and ICCD. In order to increase
the detected depth and resolution, a lidar system based on
stimulated Brillouin scattering [14] was used. Specifically,
a focus lens system was added to the optical path so that
the laser beam can concentrate at a certain depth where the
stimulated Brillouin scattering is generated. The stimulated
Brillouin scattering signal was first collected by optical sys-
tem and then transmitted through F-P etalon, the interfer-
ence fringes were recorded by ICCD and eventually sent to
PC for analysis to obtain the Brillouin spectrum.

The focus lens system consists of a small diverging lens
and a large converging lens, the laser beam is first di-
verged and propagate in water through longer distance and
then converged to excite the stimulated Brillouin scattering,
therefore the detection depth is increased. The experimen-
tal results show that the detection can reach 7-9 attenuation
lengths, which is 58.3—75.0 meters as the attenuation coeffi-
cient of clean water used in experiment was 0.12.

The calibration of F—P etalon should be performed to ob-
tain an accurate measurement. In the experiment the F-P
etalon was calibrated using a stable He-Ne laser. The laser
has two longitudinal modes, their frequency difference is the
longitudinal mode spacing Av. When lasers of the two lon-
gitudinal modes pass through an F-P etalon, fringe patterns
can be observed on ICCD, as shown in Fig. 3. For each order
of fringes, the inner ring corresponds to longitudinal mode
with lower frequency, and the outer ring stands for longitu-
dinal mode with higher frequency. r; and r; are the radius
of 1st and 2nd order of the inner peaks, rl’ is the radius of
the Ist order of the outer peak. According to interference

Fig. 3 Schematic of fringe pattern of incident lights with two frequen-
cies

theories [7], the FSR (free spectral range) can be expressed
as

2 2

ry —rj
FSR=—5—% Av (10)
1 "

The real FSR of a given F-P etalon can be determined
by this equation. In our experiment, The F-P etalon used
was a CVI solid etalon made of quartz with a free spectral
range of FSR = 20 GHz and a reflective rate of 99.5%. After
calibration, the FSR was calibrated to 19.6 GHz.

As the Brillouin scattering spectrum has small frequency
shift and line width, the laser used was an stable injection-
seeded pulsed Nd:YAG laser (Continuum Powerlite Preci-
sion II 8000) with a wavelength of 532 nm, a pulse energy
of 650 mJ, a repetition rate of 10 Hz and a line with of
0.003 cm™! (90 MHz).

The ICCD system consisted of an ICCD camera and an
ICCD controller, The ICCD camera used was Princeton In-
struments PI-MAX II with a resolution of 1024 x 256, a
pixel size of 26 x 26 pm and a minimum gate width of 2ns.
The ICCD controller used was Princeton Instruments ST-
133. Stanford Research System’s DG535 was also used to
synchronize the laser with the ICCD system.

3.2 Obtaining Brillouin scattering spectrum

The F-P interference fringes of fresh water (0%o salin-
ity, measured at 1 m depth) of different temperatures were
recorded by the above mentioned lidar system.

In the experiment, there are only Stokes lines and no
anti-Stokes lines in the SBS spectrum. The fringe pattern
obtained is similar to Fig. 3, the outer ring represents the
Rayleigh scattering, and the inner ring represents the Bril-
louin scattering. Figure 4 shows the interference spectrum
with temperature at 25°C and salinity of 0%, it was pro-
cessed from the original fringe pattern with de-noising,
smoothing and data selection algorithms. As discussed in
theoretical considerations, the normalized intensity values
on the spectrum should fit with the function expressed
in (8).
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Fig. 5 Radial slice of fringes and the fitting curve
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Fig. 6 Retrieved Brillouin spectrum

A Levenberg—Marquardt algorithm was employed to pro-
vide a nonlinear least-square fit to the data of the spectrum.
The uncertainties were determined by the 95% confidential
interval calculated by Jacobian Matrix in the algorithm. The
fitted curve obtained is shown in Fig. 5. The red dots on the
figure represent samples taken from interference fringes, the
blue solid line is the optimal fitted curve, which fits well with
the original values. Based on the fitted interference pattern,
the actual stimulated Brillouin scattering spectrum was re-
trieved, as shown in Fig. 6. According to the retrieved spec-
trum with temperature of 25°C and salinity of 0%o, the mea-
sured Brillouin frequency shift was 7.476 & 0.003 GHz, the
measured line width was 0.513 £ 0.018 GHz.
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Table 1 Analysis of fitted curves at various temperatures

Temperature Corrcoef ~ Uncertainty (Brillouin Uncertainty
°C) frequency shift) (line width)
10 0.9878 +6 MHz +36 MHz
15 0.9888 +6 MHz +17 MHz
20 0.9880 +3 MHz +18 MHz
25 0.9876 +3 MHz +18 MHz

3.3 Experimental results and discussions

The capability of the proposed method can be confirmed by
fitted error analysis and comparison with theoretical values.

Table 1 shows the correlation coefficient and uncertainty
of the fitted curves at different temperatures. The correlation
coefficient indicates that the fitted curve (blue line) showed
good agreement with experimental data (red dot). However,
data points around the peak are larger than the fitted val-
ues while data points near the base are lower than the fitted
values. The errors here should be caused by ignoring instru-
ment broadening in the fitting function. As we plan to take
this into consideration in the future, the fitted curves would
hopefully be more precise.

Precision in measurements are limited by pixel size and
resolution of ICCD, considering a gain in resolution by
means of image processing and fitting procedure, the over-
all measured uncertainty is reduced. The uncertainties in the
measurement of the Brillouin frequency shift and line width
are shown in Table 1.

When the salinity is 0, an uncertainty in Brillouin shift
measurement of 1 MHz corresponds to a temperature res-
olution of 0.04°C [15], and an uncertainty in Brillouin line
width measurement of 1 MHz would lead to uncertainty of
0.017°C [16]. So an overall Brillouin shift uncertainty of
£3~6 MHz will result in an uncertainty of 0.12~0.24°C in
temperature, and an line width uncertainty of +17~36 MHz
will result in 0.29~0.61°C uncertainty in temperature.

Table 2 and Table 3 show comparison between measured
values and theoretical values [11, 17] of Brillouin scattering
frequency shift and line width of fresh water at various tem-
peratures. For frequency shift, the error at 10°C was greater,
with an absolute error of 0.224 GHz and a relative error of
3.08%, while errors at other temperatures were extremely
small, with absolute errors of 0.027 GHz—0.07 GHz and rel-
ative errors of 0.36%—0.95%. Similar results occur in the
line width: at 10°C the error was greater with an absolute er-
ror of 0.032 GHz and a relative error of 3.53%; at other tem-
peratures, the absolute errors were 0.001 GHz—-0.032 GHz,
the relative errors were 0.14%—0.86%.

It can be concluded from Table 2 and Table 3 that mea-
sured values agreed quite well with theoretical values with
extremely small error, except for values at 10°C . The rea-
son why a greater uncertainty was observed at 10°C should
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Table 2 Analysis of errors between measured (vg) and theoretical
(vp/) values of frequency shift

Temperature VB VB error relative
(°C) (GHz) (GHz) (GHz)

10 7.040 7.264 0.224 3.08%
15 7.426 7.356 0.07 0.95%
20 7.409 7.436 0.027 0.36%
25 7.476 7.507 0.031 0.41%

Table 3 Analysis of errors between measured (I'g) and theoretical
(I'g) values of line width

Temperature I's I'p error relative
(°C) (GHz) (GHz) (GHz)

10 0.936 0.904 0.032 3.53%
15 0.705 0.704 0.001 0.14%
20 0.579 0.584 0.005 0.86%
25 0.513 0.512 0.001 0.19%

be that there were fewer samples available. The number of
pixels effectively recorded by ICCD in an experiment is de-
termined by power of the laser as well as transverse mode of
the laser pulse. The transverse mode at 10°C measurement
might not be as good as those at other temperatures, and as
a result the power received by ICCD was relatively low and
available points were reduced.

In order to increase the precision of the measured Bril-
louin spectrum, several improvements will be implemented
in the future. First, the error will be reduced by enlarging
the focal length of lens in the optical system, so interfer-
ence pattern of each order would be larger and cover more
pixels. In addition, instrument broadening of lidar system
and pixel size of ICCD were two major source of measure-
ment error. The instrument broadening was very small but
not ignorable, as it caused deviations on values of fringes,
which would be more significant for lower values. We plan
to analyze this impact in the future to minimize error. On the
other hand, pixel size of ICCD determines its minimum res-
olution. Smaller pixel size means better resolution and less
error. If the 26 x 26 um sized ICCD in the experiment was
replaced by ICCD with smaller pixel size like 13 x 13 pm,
less error would also be observed.

4 Conclusion

In summary, a method for precise measurement of Brillouin
scattering spectrum in the ocean using F-P etalon and ICCD
was proposed. This method takes full advantage of position
and intensity information on F-P interference pattern to ob-
tain a precise spectrum. It measures parameters including
frequency shift and line width of the spectrum at the same
time and can make significant contribution to rapid multi pa-
rameter sensing in the ocean.
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