Chin. Phys. B Vol. 21, No. 7 (2012) 074205

A new method for measuring the threshold of

stimulated Brillouin scattering*

Zhu Xue-Hua(ZR2:4)P) | Lit Zhi-Wei( B & )P and Wang Yu-Lei( F M )P

a) National Key Laboratory of Science and Technology on Tunable Laser, Harbin Institute of Technology, Harbin 150080, China

b)

Institute of Opto-electronics, Harbin Institute of Technology, Harbin 150080, China

(Received 20 November 2011; revised manuscript received 5 January 2012)

A new method for measuring the threshold of stimulated Brillouin scattering (SBS) based on the generation

location of a Stokes beam is proposed for the first time to our knowledge. The length of the medium cell is selected to

be longer than the free gain length of pump pulses in the Brillouin medium. The reflected light from a certain mirror in

front of the medium cell is chosen as the reference beam, and the SBS threshold is measured by the “jump” of the delay

between the Stokes beam and the reference beam. An 8-ns Q-switched single-longitudinal-mode pulse is used as the

pump and the typical SBS medium FC-72 is selected as the nonlinear medium in our experiment. The SBS threshold

intensity is measured to be 173-178 mW /cm?, which is consistent with existing results measured with the transmitted

energy limiting method.
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1. Introduction

stimulated Bril-
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During the past decades,
(SBS) has
broad applications,

louin scattering

owing to its such as the
maintenance of the beam front distortion with
SBS phase conjugation mirror,l8) pulse compre-
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amplification,['516] optical limiting applied for the

high power protection,!!7-18]

slow light effect in
the fiber,[19:20] distributed temperature /strain optical
fiber sensing,[23-25 and optical signal restoration.2*]
Among various parameters which affect the SBS char-
acteristics, the SBS threshold value is very important
and lots of work has been done to find how to deter-
mine this value in recent years.' =3:6:7 The initial def-
inition of the threshold is the pump intensity at which
the gain of Stokes signal exceeds its loss. However,
many SBS media are characterized by weak loss, lead-
ing to the difficulty in determining the SBS thresh-
old with this method. In practical applications, the
threshold is commonly regarded to be achieved when
the reflectivity of Stokes energy relative to the pump
energy is raised to some certain value (usually 1%-—
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5%).1=7 Nevertheless, this is an ambiguous defini-
tion because different threshold values will be obtained
when different percentages are chosen as the criteria.

Recently, researchers indirectly detected the SBS
threshold by characterizing the transmitted beam.
This method can overcome the drawbacks of meth-
ods of directly measuring the reflected beam, because
the reflected Stokes power is too weak to be detected
with the threshold pump power. Bai et al. proposed
a method to measure the SBS threshold with different
attenuation coefficients of broadband and narrowband
lasers in the Brillouin medium.™) This method is effec-
tive for many kinds of materials, but it is not practical
when some media such as FC-72 and FC-75 since the
SBS can also be induced effectively with a broadband
pump.®! Hasi et al. assumed that the threshold can
be measured by investigating the optical limiting ef-
fect of the transmitted waveform. They defined the
SBS threshold as the pump power at which the lim-
iting shoulder begins to arise owing to the reflection
of Stokes beams. This method is practically simple,
but at some certain condition the obtained value is
not accurate and depends on the stability of the pump
waveform. Gao et al. reported that the SBS threshold
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can be measured by energy limiting of the transmit-
ted beam.® They linearly fit the transmitted energy
below and above the threshold, and defined the pump
energy with respect to the intersection point of the
two lines as the SBS threshold. This method can be
used in almost all kinds of materials and is indepen-
dent of the waveform stability. However, there are
also some disadvantages to be taken into considera-
tion. The SBS derives from the spontaneous Brillouin
scattering of thermally induced refractive modulation.
The spontaneous scattering Stokes beam is amplified
by the acoustic field and pump beam to become ampli-
fied Brillouin scattering (ABS). When the pump inten-
sity is increased to the level of the SBS threshold, the
SBS effect arises. In other words, the whole genera-
tion process of SBS evolves from spontaneous Brilouin
scattering to SBS through ABS. The SBS can never be
distinguished from ABS with Gao’s method because
the cross point may stay in the ABS region.

In this paper, a new method is proposed to ac-
curately measure the SBS threshold. This method is
mainly based on the spatial generation location of the
Stokes light in the medium cell with the pump inten-
sity being lower or higher than the SBS threshold. The
principle of this novel method and the experiment re-
sults will be described in this paper. This method is
very simple to be operated, the whole measurement
time is shorter than other methods, and most im-
portantly, this method is more accurate than Gao’s
method because the SBS can be distinguished clearly
from the ABS.

2. Operation principles

The principle of our method is based on the fol-
lowing three points. Firstly, it has been verified the-
oretically and experimentally that the reflected beam
from the medium cell is only SBS light when the
pump energy is controlled in a certain range.! When
the laser pulse width is longer than the phonon life-
time of the material, the threshold of SBS is far lower
than that of the stimulated Raman scattering (SRS).
The threshold of stimulated thermal scattering is far
higher than that of the SRS. Meanwhile, other non-
linear effects such as self focusing can be suppressed
effectively.l®] The Rayleigh scattering beam features
no frequency shift so that it cannot be amplified by
interacting with the subsequent pump pulse. Thus,
when the pump intensity reaches the SBS threshold,
the backscattered light features Brillouin scattering
only.

Secondly, when a high power single-mode laser
beam irradiates directly on the windows of the Bril-
louin cell, it will be reflected and guided in the oppo-
site direction of the pump beam. If a broadband light
is chosen as the pump, the sideband of the power spec-
trum may overlap with the Brillouin gain spectrum of
the medium. Then the reflected beam can be am-
plified by the pump to some degree, just like a seed
guided into the medium cell in the opposite direction
of the pump beam. This is the so-called self seeding
scattering model.[2?]

Thirdly, the Brillouin cell contains randomly dis-
tributed thermal noise, which can induce spontaneous
Brillouin scattering. The Stokes beam of the spon-
taneous scattering is amplified to form ABS, and the
evolution from ABS to SBS occurs with the increase
of pump intensity.

The schematic diagram of the principle of our
threshold evaluation method is shown in Fig. 1, where
L is the length of the cell filled with a Brillouin
medium, A and B represent the two window mirrors
of the medium cell, and C denotes the location, from
which to the front mirror A is equal to the free gain
length!'3] (FGL, lpq = 7,¢/2n, where 7, is the pulse
width of the pump, n represents the refractive index of
the Brillouin medium, and c is the light velocity in the
vacuum) of the pump pulses. The FGL may change
in a small range with the average length correspond-
ing to half of the pulse width when a Gaussian-shaped
laser pulse is used as a pump. That is to say, position
C, as the center, is changed in a small range. It can be
seen clearly from Fig. 1 that the length of the medium
cell is larger than the FGL of the laser pulses.

FGL

| o

\'g

L

Fig. 1.
threshold measurement.

(colour online) Schematic diagram of the SBS

The reflection from mirror B provides a seed,
which is much stronger than spontaneous Brillouin
scattering, and the detected back scattered beam orig-
inates mainly from location B if the input energy is
below the SBS threshold. However, when the pump
intensity is increased to the level of SBS threshold,
the Stokes beam generated at location C propagates in
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the opposite direction of the pump beam and is ampli-
fied greatly by the stimulated scattering process. The
generation point of the detected Stokes beam evolved
from point B to point C. The reflected pump beam
from the window mirror A was chosen to be the refer-
ence beam, and the delay between this reference beam
and the reflected beam from the Brillouin cell was
measured. At a low pump intensity, the measured
delay is expressed as At; = 2nL/c. The delay re-
mains constant with the increase of the pump inten-
sity in a certain range below the SBS threshold. The
delay “jumps” to Ats = 2nLpg/c when the pump
intensity approaches the threshold level. In this pa-
per, the pump intensity at which the measured delay
“jumps” from At; to Aty is defined as the pump in-
tensity threshold.

3. Experimental setup

The experimental setup is shown in Fig. 2. The
laser system used in our experiment is an injected—
seeded Nd:YAG laser (contimuum powerlite precision
IT 9010) with a line width of 90 MHz, a pulse width
of 7-8 ns, and a diffraction angle of 0.45 mrad. The
laser wavelength used is 1064 nm, the repetition rate
is 1 Hz, and the beam diameter is 8 mm. The pulse
energy can be adjusted by rotating the angle of the
half-wave plate with respect to the polarizer P. Ini-
tially, the laser beam is s-polarized. It passes through
a half-wave plate and is split into two parts by the po-
larizer P. The reflected part is guided into an optical
dump. The transmitted p-polarized beam becomes
circularly polarized after passing through a quarter-
wave plate and is divided into two beams by a beam-
spliter with a small reflectivity of k. The reflected
beam from the beamspliter is detected with an ED
(PE50DIF-ER, Ophir).
energy detected by an ED is Ey, the pump energy

Suppose that the reflected

injected into the medium cell can be deduced simply
as B, = (1 —k)Ey. The generated backward Stokes
light becomes s-polarized after passing the quarter-
wave plate again and is reflected by the polarizer P.
This design forms an isolator, preventing the back-
ward Stokes light from entering the laser source. The
waveform of the reflected beam is detected by a PIN
photodiode, and recorded by a digital phosphor oscil-
loscope TDS3032B. The reflected energy is measured
by an ED (PE50DIF-ER, Ophir). The distance be-
tween the quarter-wave plate and the front window of
the medium cell is denoted as L1, and the length of

the cell is denoted as Lo.

AN\Y)
N,
-

A2
medium cell

dump ED

Fig. 2. (colour online) Schematic diagram of the experi-
mental setup.

In our experiment, FC-72 was chosen as the Bril-
louin medium, and the cell length Lo = 113 cm. The
refractive index of FC-72 is 1.251.1'1] In the case of
Gaussian pulses with a pulse width of 8 ns, the FGL is
equal to 96 cm in this material, which is in consistent
with our design principle (smaller than Ly). It can be
seen from Fig. 2 that the light beam transmitted from
polarizer P may be reflected backward by the \/4plate
and the two window mirrors of the medium cell. To
eliminate the effect of the reflected beam of the win-
dow mirrors, a small angle was made for detuning the
cell axis from the direction of the pump light. The
distance between the A/4 plate and the front window
is 123 cm (i.e., Ly = 123 cm). As shown in Fig. 3,
the backward output beam from the polarizer P con-
tains two components, which is recorded by a CCD
camera. The left part I is the beam reflected by A\/4
plate, showing the characteristic of the pump beam,
and the right part II is the Stokes beam generated in
the medium cell. To separate the reference beam and
the Stokes beam, we adjust the direction of A/4 plate
by a very small angle to detune from the light path,
and the CCD camera was placed at about 2 meters

Fig. 3. The transverse intensity distribution of the re-
flected beam (I represents the reference beam and II de-
notes the Stokes beam).
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away from the polarizer. The reflected pump beam
was chosen as the reference beam, and the delay be-
tween the reference and the Stokes beam is investi-
gated to evaluate the SBS threshold.

4. Results and discussion

The pulse shape of the reflected beam recorded
in our experiment is shown in Fig. 4. It can be seen
from Fig. 4 that a single shot of the laser radiation con-
tains two peaks. The earlier one is attributed to be
the pump component (reference beam) and the later
one stems from the Stokes light. Their delay is mea-
sured to be 17.2 ns with the pump energy lower than
330 mJ, and keeps good stability. However, when
the pump energy was increased to 340 mJ, the de-
lay became 15.9 ns. The delay decreases with the
increase of the pump energy when the energy is be-
yond the SBS threshold. According to the principle
of our method, the SBS threshold energy for FC-72
under our experiment condition is in the range of 330—
340 mJ, and the threshold intensity is in the range of
172.9-178.1 MW /cm?.

Intensity/arb. units

Time/ns

Fig. 4. (colour online) Waveform of the reflected beam
with a pump energy of (a) 260, (b) 300, (c¢) 320, (d) 330,
(e) 340, and (f) 350 mJ.

According to Section 2, the backward Stokes light
is generated from the rear window of the medium cell
when the pump energy is below the threshold level.
That is to say, the measured delay is the double pass
time of the light between A/4 plate and the end win-
dow mirror of the cell. Given that the refractive in-
dex of FC-72 is 1.251, the delay can be calculated:

Atpen = 2(L1 +nLs)/c = 17.62 ns. When the pump
energy approaches the threshold level, the delay is
the double pass time of FGL, which is expressed as
Atyn = 2(L1 + nlpg)/c, and equals 16.2 ns. Here, we
use the subscription “bth” and “th” to distinguish de-
lays with pump energy below and close to the thresh-
old.

The measured delay is in good agreement with
theoretical calculations. However, there is still a devi-
ation which is due to the following reasons: first, the
refractive index used in the calculation may not be the
real index of FC-72, which depends on the accuracy of
the index measurement; second, the discrepancy may
be caused by the assumption of FGL which actually
represents a certain range, while the above calculation
is based on the location of point C.

The SBS energy reflectivity around the threshold
was also measured in our experiment. We detected
the reflected Stokes energy after filtering the pump
component out. The Stokes energy was measured to
be about 7.3 mJ while the pump energy is 340 mJ,
with the reflectivity being 2.2%, which is in accor-
dance with the general criteria of threshold reflectiv-
ity.

To further validate the accuracy of our method,
the transmitted energy limiting method reported in
Ref. [3] was used to be compared. The experimen-
tal setup was identical to that described in Ref. [3]
and the material was also FC-72. The relationship
of the transmitted and input intensities is shown in
Fig. 5. It can be seen that the threshold intensity
is 174.4 MW /cm? (with respect to the threshold en-
ergy of 331.4 mJ), which is in good agreement with

the result of our newly proposed method.
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(colour online) The relationship between the

074205-4



Chin. Phys. B Vol. 21, No. 7 (2012) 074205

5. Conclusions

In summary, a new method of determining the
SBS threshold based on the generation location of
the backward Stokes beam is proposed, with which
the SBS threshold of FC-72 was measured experimen-
tally. The principle of this measurement is described
as follows. When the pump intensity is beyond the
SBS threshold, the Stokes beam generates originally
in the leading edge of a Gaussian pulse. That is to
say, the effective interaction length equals the FGL of
the laser pulses in the medium while the length of the
material cell is designed to be longer than FGL. How-
ever, when the incident pump intensity is lower than
the threshold intensity, the reflected Stokes beam may
originate from the rear window of the medium cell.
The pump intensity at which the generation location
“jumps” from the rear end of the Brillouin cell to the
inside of the medium cell was defined as the threshold
intensity, and this critical point can be found out by
measuring the delay between the Stokes light and the
reflected pump beam from the front window. The SBS
threshold intensity of FC-72 was measured to be in the
range of 173-178 MW /cm? with this newly proposed
method. For comparison, the threshold was measured
under the same condition with the method of trans-
mitted energy limiting reported in Ref. [3], and the
obtained value was 174.4 MW /cm? which is in good
agreement with that of our new method.
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