
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Pulse Compression of a Ti:Sapphire Laser by
Stimulated Brillouin Scattering in Liquid Media

Vasa, J. Nilesh
Department of Electrical Enginering, Kyushu University : Doctoral Program

Morishita, Kouki
Department of Electrical and Electronic Systems Engineering, Kyushu University : Master's
Program

Sakai, Akira
Department of Electrical Engineering, Kyushu University : Graduate Student | Mitsubishi
Electric Co.

Okada, Tatsuo
Department of Electrical and Electronic Systems Engineering, Kyushu,University

他

https://doi.org/10.15017/1474942

出版情報：九州大学大学院システム情報科学紀要. 1, pp.51-56, 1996-09-27. 九州大学大学院システム
情報科学研究院
バージョン：
権利関係：



JtA+I*~*~~~ 
~ 7. 7 A ·tw¥iiH~liJf~H¥1i1'f 
~ 1 ~ ~ 1 ~- -'f nX: 8 ~ 9 Ji 

Research Reports on Information Science and 
Electrical Engineering of Kyushu University 

Vol.1, No.l, September 1996 

Pulse Compression of a Ti:Sapphire Laser by Stimulated Brillouin Scattering 
in Liquid Media 

Nilesh J. VASA* , Kouki MORISHITA**, Akira SAKAI**: Tatsuo OKADAt 

and Mitsuo MAEDA tt 

(Received June 24, 1996) 

Abstract: Studies of pulse shortening of a Ti:sapphire laser by the backward stimulated Brillouin scatter

ing (SBS) are reported. Energy-conversion efficiency and the effect on pulse-compression characteristics 

in different liquid media are discussed based on a coupled equation model describing dynamics of SBS. 

Energy-conversion efficiencies of 37.5 percent in water and 61.4 percent in methanol were obtained exper

imentally. In case of water medium a compression ratio of 4 was obtained, but in case of methanol, the 

effect on the pulse compression was not significant due to increase in energy efficiency and use of a shorter 

cell length than the required. The theoretical simulation qualitatively agrees well with the experimental 

results. 
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1. Introduction 

Typically, Titanium-doped sapphire (Ti:sapphire) 

generates tunable laser beam with a duration of few 

nanosecond ( ns), and it has also been applied very 

much for the generation and amplification of ultrafast 

laser pulses in terms of few femtosecond. The meth

ods of ultrashort light pulse generation described so far 

use modelocking technique 1
) or pulse-chirp technique 

2
). Nevertheless, some applications like fluorescence life 

time measurements, LIDAR Thomson scattering diag

nostics of large plasma devices 3
) do not require such 

extremely short pulses, and sub-ns laser pulses are com

petent enough. In such cases a high power laser pulse

compression by the stimulated Brillouin scattering tech

nique is an effective means of pulse shortening since high 

compression efficiency is achievable and it involves a 

very simplified construction 4
-

5
). Many researchers have 

reported studies of pulse compression of different lasers 

using SBS gaseous and liquid media but the output is 

limited for a fixed-wavelength laser 7- 12). 

In this paper we report experimental and theoretical 

analyses of a pulse compression of a Ti:sapphire laser by 

the SBS process using different liquid media. A spec

trally narrowed Ti:sapphire laser using a cw injection-
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seeding was developed with 8-12 ns FWHM pulses with 

an energy of 40 mJ/pulse by employing an oscillator

amplifier configuration for the investigation. The aim 

of this study is to understand the requirements for ob

taining efficient pulse compression of Ti:sapphire laser 

by SBS process. The wavelength <:>f Ti:sapphire laser 

is suitable for LIDAR Thomson scattering experiments. 

In Section 2 experimental studies of pulse compres

sion of the cw diode laser injection-seeded Ti:sapphire 

laser using different SBS liquid media; such as water, 

methanol, toluene has been described and correspond

ing results are discussed Section 2.2. In Section 3, 

the dynamics of the SBS process are described for dif

ferent liquid media based on a coupled wave equation 

model. 

2. Experiment of SBS by Ti:Sapphire 
Laser 

In this work, a home-made Ti:sapphire laser was used 

with an oscillator-amplifier design. For successful pulse 

compression by SBS in a conventional long-cell design, 

a few. hundreds of mJ of input energy is necessary to 

overcome SBS threshold condition. But in this exper

iment, since the equipment capacity was limited to an 

output of only few tens of mJ of the Ti:sapphire laser 

, an alternative arrangement was implemented with a 

short-cell design instead of using a conventional long

cell design 4
--

5
). Moreover, one necessary requirement 

of compression by SBS is the narrow linewidth opera

tion of the input laser. In case of larger bandwidth the 

gain by SBS is reduced and in turn the threshold inten

sity for the Stokes initiation is increased 5
). Therefore 

spectral narrowing of the Ti:sapphire laser was achieved 
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Fig.1 Experimental setup for SBS by injection-seeded Ti:sapphire laser for different liquid medium. 

by using a cw single-mode diode laser injection-seeding 

technique 13). 

2.1 Experimental setup 
A line diagram of experimental setup is shown in 

Fig. 1. A Q-switched, frequency-doubled Nd:YAG laser 

(Spectra-Physics GCR-3) was used for pumping of oscil

lator and amplifier stages of the Ti:sapphire laser with 

a total input energy of 360 mJ at a repetition rate of 

10 Hz. The Ti:sapphire laser oscillator was a 60 mm 

length straight cavity configuration with a prism as a 

coarse tuning element. A single-mode laser diode (Spec

tra Diode Laboratories SDL-5411-Gl) was used as a cw 

injection laser at a wavelength of 807 nm. The output 

from laser diode was directed into the Ti:sapphire laser 

oscillator through a collimating optics and two optical 

isolators of 40 dB each to protect the laser diode. The 

injection-seeded oscillator output was passed through 

a two-stage amplifier with a single-pass design and an 

amplified output was obtained. 

The amplified output was directed into an SBS 

medium passing through the polarizing beam splitter 

and a >../ 4 wave plate. The >../ 4 wave plate and the po

larizing beam splitter combination was used to change 

the polarizing direction of the Stokes pulse with respect 

to the oscillator output by 7f /2 and to split it off at 

the beam splitter for measurement of Stokes pulse as 

well as to avoid re-entry of the short pulse Stokes out

put to the amplifier stage which may cause damage to 

the Ti:sapphire crystal. In case of a water medium, a 

beaker was used and an optimum operational character

istics were achieved with a focusing lens of 50 mm kept 

at a distance such that the focusing could be achieved 

at 10 mm below the water surface. In case of methanol, 

a short-cell was used with a focusing lens of 50 mm and 

similar focusing condition was maintained. 

The input and output pulse width characteristics were 

measured using Tektronix 7104 oscilloscope having sam

ple rating speed of 1 GS/s. The input energy was con

trolled with neutral density filter and input and output 

energy measurements were performed using a Scientech-

372 energy meter. 

2.2 Experimental Results and Discussion 
2.2.1 Spectral Narrowing by CW Injection

Seeding 

Figure 2 shows output spectra of Ti:sapphire laser 

with and without injection-seeding. The indicated value 

of the laser power was measured inside the cavity. With

out injection-seeding the spectral output extended from 

801 to 813 nm. Subsequently, as the injection power 

was increased, the broad-band emission was quenched 
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Fig.2 Spectra of cw injection-seeded Ti:sapphire laser 

output. Locking efficiency is defined as <P = 

1 - b/a. 

and spectral narrowing was achieved. In Fig. 2 the spec

tral width of the injection-seeded laser is wider than the 

actual due to a low resolution of the spectrometer. In 

order to evaluate the degree of injection-seeding, a pa

rameter, locking efficiency ¢> was considered. The lock

ing efficiency </> can be defined as the ratio of the energy 

in the injected mode to the total lasing energy. Fur

ther, in case of homogeneously broadened spectra, this 

calculation can be simplified as follows, 

b 
</> = 1- -, 

a 
(1) 

where a is the height of any mode other than the in

jected mode in the free-running condition, and bis the 

height of the same mode during injection-seeding. 

Figure 3 shows the locking efficiency </> as a function of 

the injection power. The locking efficiency ¢> increased 

from 0 to approximately 1 indicating complete injection

seeding with only 440 µ W of injection power. 

A Fabry-Perot interferometer (Burleigh RC-140) was 

...-. 1.0 .s 
.,a 
cd 

..t!.. 
~ 0.9 
;>. 
u 
~ 
.~ 0.8 
u 

E§ 

10.1 

u 
0 
~ 0.6 

' 

/ 

• 
10 

-
• l i/ ....... , ..... 7 .... 

,,,.,,· 
--.. // 

/v 

/ 
/ -

102 
Injection power [µ W] 

• 

' 

: -
• • .... 

................ , ....... 

Fig.3 Locking efficiency <f; with respect to injection 

power. 

used to measure the linewidth of the injection-seeded 

laser. The Fabry-Perot interferometer was set for a free

spectral range (FSR) of 0.07 cm- 1 with a resolution of 

~ 0.0015 cm- 1
. Without injection-seeding no visible 

fringe pattern was obtained, but with injection-seeding 

well defined fringe pattern with a bandwidth of 0.01 

cm- 1
, matching with the injection laser was obtained. 

The injection-seeded output of 5.5 mJ /pulse from the 

oscillator was passed through the amplifier stages and 

an output energy of 40 mJ /pulse was obtained. 

2.3 SBS in Different Liquid Media 
In the next stage, the amplified Ti:sapphire laser out

put was focused into the water medium. The SBS 

scheme can be characterised by two parameters, namely 

an energy conversion efficiency and a pulse-compression 

ratio. The energy conversion efficiency can be defined 

as the ratio of the output energy of the Stokes pulse to 

the input laser energy. The pulse-compression ratio is 

defined as the ratio of the input laser pulse width at 

FWHM to the output Stokes pulse width at FWHM. 

Figure 4 shows output characteristics of the Stokes 

pulse along with pulse width measurements with re

spect to different input energy. The solid circles in Fig. 

4 represent experimental measured output characteris

tics and the solid line represents estimated output char

acteristics using theoretical simulation as described in 

Section 3 based on experimental conditions. Experi

mental conversion efficiency was measured as 37.53 at 

an input energy of 40 mJ. The solid square shows the 

FWHM pulse-width measurements of the Stokes pulse. 

The chain dotted line in Fig. 4 represents theoretical 
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Fig.4 Output characteristics and FWHM pulse-width 

measurements of SBS Stokes pulse of Ti:sapphire 

laser in water medium. Ti:sapphire laser beam 

was focused in the beaker of water with a focus

ing lens of 50 mm and the focal plane was 10 mm 

below the water surface. 
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(a) 

(b) 
Fig.5 Pulse shape characteristics of (a) Ti:sapphire 

laser , (b) SBS Stokes pulse near threshold condi

tion when Ti:sapphire laser beam was focused in 

the beaker of water with a focusing lens of 50 mm 

and the focal plane was 10 mm below the water 

surface. 

simulation of pulse width of Stokes pulse and as input 

energy is increasing the effect on pulse compression is 

decreasing. 

Figure 5 (a), and (b) shows pulse shape measurements 

of Ti:sapphire laser and SBS Stokes pulse respectively. 

As shown in Fig. 5 (a), the pulse width of Ti:sapphire 

laser was measured as~ 8 ns FWHM. Figure 5 (b) shows 

the Stokes pulse near threshold operation and pulse 

width was measured as 2 ns with a pulse-compression 

ratio of ~ 4. With increase in input energy, no signifi

cant effect on pulse compression was observed. Figure 4 

shows that experimental trend is qualitatively in agree

ment with the theoretical simulation. 

Figure 6 shows output characteristics of SBS stokes 

pulse when methanol is used as an SBS medium. The 

solid circles in Fig. 6 represent experimental measure

ments and the solid line represents theoretical estima

tion. In case of methanol, the threshold level for Stokes 

initiation was less than that corresponding to the water 

medium and the conversion efficiency was measured as 

0 35 40 

Fig.6 Output characteristics of SBS Stokes pulse 

of Ti:sapphire laser in methanol medium. 

Ti:sapphire laser beam was focused in the cell 

of methanol with a focusing lens of 50 mm and 

the focal plane was 10 mm below the methanol 

surface. 

61.43 at an input energy of 34 mJ. In case of SBS in 

methanol, a pulse-compression ratio of only 1.2 could be 

achieved at 34 mJ. The measured results were in qual

itative agreement with theoretically calculated output 

characteristics. As discussed in Section 3, the incom

plete compression of the pump pulse could be explained 

on the bases that the length of the focusing was much 

shorter than the input pulse. In addition, the input 

power was sufficient enough that the Stokes pulse had 

left an intense acoustic wave in the medium, which acted 

as a high reflectivity Brillouin mirror and reflected the 

remainder of the input pulse without any compression. 

3. Theoretical Considerations of Pulse 
Compression by SBS 

3.1 Theoretical Model 
SBS is the coupling of two process where the in

put and scattered light waves interfere to produce an 

acoustic wave electrostrictively, and the input wave is 

reflected back by the acoustic wave to produce a com

pressed scattered light wave. To understand the effect of 

input laser energy on pulse compression and conversion 

efficiency with respect to different Brillouin liquid me

dia, a computer model for a single-cell SBS process is de

veloped 5
• a). Conceptually, pulse compression of a laser 

pulse, by SBS process, focused into a single cell filled 

with an SBS liquid or gas can be described as shown 

in Figure 7. In this case, SBS process can be described 

by equations derived from the Maxwell's equations for 

the electric fields and from the Na vier-Stokes equation 

describing material response with input laser field (El), 

backscattered Stokes field (Es) and acoustic fluctuation 

(Q). Finally, the resulting coupled rate equations can 
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of single-cell filled with liquid medium into which 
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be expressed as follows with the assumptions that high

order scattering and optical losses are negligible. 

( o n o) -1 -+-- Ez=-9QEs 
oz cot 2 

(2) 

( o n o) -1 * - - - - Es = -9Q Ez 
oz cot 2 

(3) 

(
0 1) 1 * - + - Q = -EzE8 + w 
ot 2T 2T 

(4) 

where z is the distance measured in the direction of 

propagation, t is time, c/n is the speed of light in the 

medium, w is the spontaneous noise source, T is the 

phonon lifetime representing damping time of the acous

tic wave which can be calculated as T = 1/(27r~VB), 
where ~VB is Brillouin linewidth, and 9 is the Brillouin 

gain coefficient and can be calculated for different Bril

louin media as follows 12
• 
14

), 

9o 9=------
1 + ~vz/~vB 

(5) 

where 9o is the steady-state line-center gain factor for 

SBS value, ~vz is spectral linewidth of the input laser, 

which is assumed to be same as that of the experimen

tal value of 300 MHz. From eq. (5) it is explicit that 

the gain by SBS is reduced with increased laser band

width. Table 1 shows values of 90 , 9, ~VB and T used 

in this analysis for different liquid media, namely water, 

methanol, and toluene. 

Table 1 Gain (g), Brillouin linewidth (~vB) and damp

ing time ( T) for some Brillouin liquid media. 

Liquid 9o 9 ~VB T 

[cm/GW] [cm/GW] [MHZ] [ns] 

Water 6.6 3.39 317 0.502 

Methanol 13 5.91 250 0.637 

Toluene 13 8.56 579 0.275 

In this analysis due to focused geometry in the cell, 

changes in the irradiance can be considered by chang

ing the cross-sectional area of the beam with respect 

to propagation distance consistent with ideal Gaussian 

beam focusing. The temporal pulse shape of the input 

laser field is assumed to be a quadratic sin profile. The 

input Stokes field is set to zero and the SBS interaction 

is started by seeding the phonon wave with spontaneous 

noise. Equations (1)-(3) were solved numerically using 

parameters listed in Table 2 for different Brillouin me

dia, such as water, methanol, toluene. 

3.2 Numerical Results and Discussion 
In the first stage, numerical calculations with respect 

to different values of input energy for toluene, methanol 

and water media were performed. In this case for near

optimal compression, the cell length of 1.5 m was con

sidered with L equal to 1.2 m, approximately one-half 

the temporal pulse width of the input laser (rz = 10 ns). 

Figure 8 shows Stokes output for different values of in

put energy and it explicitly illustrates that the threshold 

input energy requirements for the SBS is the lowest for 

Table 2 Numerical values used in the theoretical simu

lation. 

Description 

Focal length 

Cell length 

Focal plane position ( L) 

Pulse width ( Tz) 
Laser input 

Spontaneous noise ( w) 

Numerical value 

Variable (mm) 

Variable (m) 

Variable (mm) 

10 ns 

Variable (mJ) 

0.000001 + i0.000001 
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Fig.8 Numerical calculation of Stokes output versus in

put laser energy for toluene, methanol and water 

media. This calculations were made with L of 1.2 

m at an approximately one-half of the input laser 

pulse width (rz = 10 ns). 
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Numerical calculation of Stokes and transmitted

pulse temporal profiles with respect to laser input 

energy for SBS in toluene medium. This calcula

tions were made with L of 1.2 m at an approxi

mately one-half of the input laser pulse width ( T/ 

= 10 ns). Solid lines represent Stokes output and 

dotted lines show transmitted output. 

toluene followed by methanol and finally water medium. 

In addition, the conversion efficiency for toluene is the 

highest (~ 58%) as compared to methanol(~ 19%) and 

water(~ 4 % ) at an input of 600 mJ. Further, in all cases, 

with increase in input energy conversion efficiency also 

increases. 

Subsequently, the effect on pulse compression was 

simulated for toluene, methanol and water media with 

respect to different values of input energy keeping other 

variables fixed. In all liquid media with increase in input 

energy, effective Stokes pulse compression could not be 

achieved in spite of improvement in the energy conver

sion efficiency. As a typical case, Fig. 9 shows temporal 

profiles of Stokes output and transmitted pulse for SBS 

in toluene medium. Solid lines show Stokes output and 

dotted lines show transmitted output. With a 200 mJ 

of input energy the pulse-compression ratio was ~6.66 

and it was decreased to ~2. 77 with an input energy of 

600 mJ. 

This effect can be explained based on the fact that 

even with the near-optimum focal length, the minimum 

compressed pulse width is also a function of the input 

energy. If the input is higher than the optimum, the 

Stokes pulse will initiate earlier and it can receive am

plification only in the front of the input pulse. The ap

parent length of the compressor cell will become shorter 

than the optimum required, therefore the compressed 

pulse will emerge earlier than all the laser input pulse 

entered the cell. However, the compressed pulse will 

leave an intense acoustic wave in the medium, which 

acts as a high reflectivity Brillouin mirror that reflects 

the remainder of the pulse without compression 4
• 
7
). 

4. Conclusion 

Efficient compression of Ti:sapphire laser not only de

pends on the optimum focal length so that the condi

tion T1 ~ 2ln/ c is obeyed, but also depends on the in

put energy. In case of experiment due to output energy 

limitations, and to avoid absorption and other scatter

ing losses, the shorter cell was used. In water as an 

SBS medium, energy conversion efficiency of 37.5% and 

the pulse-compression ratio of 4 was obtained and in 

methanol as an SBS medium, energy conversion effi

ciency was improved to 61.4% but the pulse-compression 

ratio of only 1.2 could be obtained. 

A theoretical model was developed which explained 

the characteristic requirements of the SBS pulse

compression technique. Theoretical simulation with a 

short cell design predicted similar trend as that of the 

experiment and could explain the cause for a low com

pression ratio. 
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