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Control of Stokes Pulse Duration 
in Stimulated Raman Scattering 

R. J.  Heeman and H. P. Godfried 

Abstract-The generation of long Stokes pulses by stimulated 
Raman scattering, which is made efficient by a short seed pulse 
at the Stokes frequency, is demonstrated both in experiments and 
in simulations for pump powers below the threshold power for 
unseeded scattering. It is observed that a second seed pulse with 
appropriate phase and intensity can extend, switch-off or briefly 
interrupt the Stokes pulse. 

I. INTRODUCTION 

N a Raman active medium high conversion efficiencies I to the Stokes waves can be achieved. Since stimulated 
Raman scattering (SRS) is a third order nonlinear process 
with in general a small cross section, high pump intensities 
are required, which can be obtained by focusing high power 
short laser pulses. However, if the width of the pulse becomes 
comparable to the dephasing time of the Raman polarizability, 
the scattering becomes transient. Transient scattering reduces 
the gain and increases the threshold for scattering. Recently, 
experiments were performed in which the efficiency in tran- 
sient SRS was increased. In these experiments pulse pairs 
were used to increase the Raman polarizability. Marshall et 
al. [l] ,  [26] developed a technique where two pump pulses 
with a short delay time between the pulses were used. The 
scattering of the second short pump pulse was enhanced due to 
the presence of the decaying Raman polarizability induced by 
SRS of the first pulse. Kawasaki el al. [ 2 ]  used a scheme where 
a Raman medium was pumped by an overlapping pulse pair 
whose frequencies were separated by the Raman frequency 
and whose powers were comparable. The beat of the two 
frequencies enhances the Raman polarizability and increases 
the scattering efficiency for higher order Stokes and anti- 
Stokes waves. This in fact, showed an enhancement of the 
scattering by seeding. In earlier experiments 131 seeding by 
a long low power seed pulse generated with a single mode 
OPO enhanced the scattering of a pump pulse with the same 
width. Photon conversion efficiencies of 47% were obtained. 
In the above mentioned experiments pairs of pulses with equal 
width were used. 

In the experiments described in this paper, the SRS effi- 
ciency of a long pump pulse (2170 11s) is increased by adding 
a short seed pulse (210  11s) at the Stokes frequency while the 
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dephasing time of the Raman polarizability is approximately 3 
ns. It is demonstrated both in experiments and in simulations 
that a short seed pulse is able to induce efficient SRS of pump 
pulses at a power and pulse width where unseeded scattering 
would otherwise generate Stokes powers below detection 
levels. Stokes pulses were generated which were substantially 
longer than the seed pulse or the dephasing time. Additionally, 
by injection of a second seed pulse it was possible to extend the 
duration of the Stokes pulse beyond where it would terminate 
without the second seed pulse. In such experiments the relative 
phase and intensity of the two seed pulses was an important 
quantity. Depending on the value of the relative phase it was 
also possible to terminate the scattering and sometimes to even 
induce solitonlike behavior in the propagating pulses. 

In Section 11, SRS and the generation of Stokes seed pulses 
by four wave mixing (FWM) with focused beams are briefly 
discussed. In Section I11 the experimental setup is described. 
The experimental results of seeded SRS are presented in 
Section IV. After a short discussion of these experimental 
results in Section V, we discuss in Sections VI and VI1 the 
possibilities to generate long Stokes pulses from long pump 
pulses. Finally, the solitonlike behavior in the propagating 
pulses is discussed in Section VIII. 

11. THEORY 
In this section SRS is described as a parametric coupling 

between pump and Stokes waves with a material excitation in 
the Raman medium. In a semiclassical approach one finds the 
following set of equations [4], [ 5 ] :  

a 
-E,(z’. t’) = K,E,Q*. 
dz’ 

where KI, and K ,  are coupling constants, Ep and E, are 
the electric field amplitudes of the pump and Stokes waves, 
respectively and Q the amplitude of the material excitation. 
z’ and t’ are the space and time coordinates, respectively, in 
the moving frame of the optical pulses. Medium dispersion is 
assumed to be negligible. The origin of the material excitation 
can be a Raman active molecular vibration or rotation or 
optical phonon. The Raman polarizability is proportional to 
this mode amplitude. Starting the scattering process causes 
the Raman polarizability to grow when the applied pump field 
beats with the Stokes noise field caused by spontaneous Raman 
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Fig. 1 .  Raman resonant FWM = w'l + UJZ - 4 3 .  where 
~ 3 3  - d 2  = UJI - L C ' ~  = UJR.  Nd:YAG pump: ic3. Stokes shifted 
frequency of the Nd:YAG pump: 4 2 .  CO2 pump: U J ~  . and Stokes shifted 
frequency of the COS pump: w'p. 

scattering. The growing polarizability causes an increase of 
the Stokes field by Raman scattering of the pump field. If 
the pump field is not depleted, d/dz'Ep(z',t') = 0, an 
exponentially growing solution is found for the Stokes field. 
When the pump field becomes depleted, the Stokes growth 
rate decreases. Equation (IC) includes a damping term r for 
the normal mode. It results in a decaying Raman polarizability 
after the optical fields are terminated. The finite decay time of 
the Raman polarizability may also cause a rebuildup of the 
pump field after total depletion. It will also lead to solitonlike 
propagation of very narrow pump pulses through the medium 
which is caused by a rapid switching of the phase of the Stokes 
field, with subsequent back conversion to the pump field and 
finally reconversion to the Stokes field [6 ] .  

Instead of starting the scattering process slowly from noise, 
a small Stokes field may be added as seed. The seed power 
easily exceeds the Stokes noise power by many orders and 
the gain necessary to obtain measurable Stokes powers is 
lowered substantially. In the experiments discussed in this 
paper a seed pulse is generated in a Raman resonant FWM 
process which is described by w4 = w1 + wp - wg [71. Fig. 1 
shows the mixing scheme in the energy level diagram of para- 
hydrogen where the So(0) rotational transition is used in these 
experiments. A short wavelength pump wave at wg generates 
a Stokes wave at wp in the Raman medium. In the FWM 
process these two waves mix with a long wavelength pump 
wave at w1 to generate the seed wave at the Stokes shifted 
frequency of the long wavelength pump wave. Since the FWM 
is Raman resonant, the seed is automatically generated at the 
exact frequency. No stringent requirements on the frequency 
of the short wavelength laser are necessary. The seed power 
generated by four wave mixing is proportional to the product 
of the three input field amplitudes. Therefore, the seed pulse 
is at most as wide as the shortest of the input pulses. 

Focusing Properties in SRS and FWM 
An approximate solution for steady state Raman scattering 

in focused Gaussian beams has been given previously [7], [8]. 
For the zeroth order Gaussian mode the Stokes power gain per 
transit through one focus P, = PSO . e"' is given by: 

where G, is the steady-state plane-wave intensity gain co- 
efficient, A, and A, the pump and Stokes wavelengths, re- 
spectively and Pp the pump power. L is the cell length and 
b the confocal parameter, b = 27rw;/A with WO the beam 
waist and A the wavelength. It is seen that tight focusing 
increases the Raman gain, approaching a maximum value 
when tan-'( Lib )  approaches ~ 1 2 .  Beyond this only higher 
pump powers increase the Raman gain. The power gain 
depends on the wavelength as (A,(& + AS))-', since G, 
is proportional to A;' [9].  For long Stokes wavelengths this 
results in a low power gain per pass. When the pump laser 
beam is repeatedly focused in a multiple pass cell, the power 
gain is enhanced. The power gain Q N  after N passes becomes 
[ 101: 

where R is the intensity reflectivity of the multiple pass cell 
mirrors and ~ 1 ,  the single focus power gain coefficient. 

When FWM is performed in a focused geometry, one must 
take into account the Guoy phase shift [ 1 I ]  of the Gaussian 
beam which passes through the waist of a focus. Then, each of 
the input waves in FWM gives an extra phase shift of 7r to the 
FWM polarization. In the case where the generated frequency 
is given by w4 = w1 fw2 -w3, like in a Raman resonant FWM 
process, one of the field components is complex conjugated 
in the polarization equations. The total phase shift of the 
driving polarization then adds up to 7r [12]. Thus, for focused 
Gaussian beams with equal confocal parameters propagating 
in a dispersionless medium, the generated radiation is in 
phase with the FWM polarization. No destructive interference 
occurs between radiation generated in different parts of the 
radiating region. However, in a dispersive medium, a phase 
mismatch Ak still causes destructive interference and reduces 
the FWM efficiency. The power P4 generated in a dispersive 
medium by FWM with focused beams with equal confocal 
parameters, b, is given by Bjorklund [12] in terms of the 
focusing configuration, a phase mismatch factor b A k  and the 
ratio k"/k' = (kl + kp + kg)/(kl + k p  - k3):  

where ki is the wave vector of wave i, L is the cell length 
and f is the focal length. Deviation of the ratio k"/k' from a 
value of 1 is indicative of a size mismatch between the waist of 
the FWM polarization and the waist of the generated radiation 
with the same confocal parameter as the input beams. A ratio 
equal to 1 implies waists of equal size. In our experiments 
where k"/k'  = 32, b/L = 0.2, and f / L  = 0.5 the function 
F is calculated as F = 3 . lop2  for phase matched FWM. 
In these experiments a CO2 pump, a Nd:YAG pump and 
a Nd:YAG Stokes beam propagate collinearly through the 
multiple pass Raman cell. The Raman medium was hydrogen 
gas at atmospheric pressure, giving a phase mismatch factor 
equal to bAk z 0.4. In this calculation dispersion data from 
[13] were used. This value for bAk is small compared to the 
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width A(bAk) cu 10 of the function F at half maximum. Thus, 
the low value for F is mainly due to the size mismatch of the 
waists. Additionally, in the experiments the Nd:YAG pump 
and Stokes waves are depleted by Raman scattering and less 
power is available in the FWM to generate the seed wave. 
This reduces the seed power further. A maximum seed power 
of P4 = 5 . MW per pass is calculated with (4) for a 10 
MW CO2 pump wave, a 1 MW Nd:YAG pump wave and a 0.4 
MW Nd:YAG Stokes wave, where it  is noted that (4) is valid 
for continuous waves while pulses are used in the experiments. 

Summarizing it is concluded that focusing increases the 
Raman gain but gives a low FWM efficiency due to the size 
mismatch between the waist of the FWM polarization and the 
waist of the generated radiation. 

111. EXPERIMENTAL 

The experimental setup is shown schematically in Fig. 2. 
The basic elements are a TEA CO2 laser, a Q-switched 
Nd:YAG laser and a multiple pass Raman cell filled with 
para-hydrogen at atmospheric pressures. The home built TEA 
CO2 laser consisted of an oscillator and two multiple pass 
amplifiers. The oscillator was passively stabilized by mount- 
ing the optical elements on an invar frame from which the 
discharge electrodes and the laser tube were mechanically 
isolated. Single mode lasing of the oscillator was achieved 
with a plane resonant output coupler [I41 and a plane grating 
in the Littrow configuration. The cavity operated in the stable 
regime by incorporating a long focus lens near the grating. 
Typically 70 mJ at I O  pm in a 70 ns gain switched peak was 
obtained from the oscillator. The polarization of the radiation 
was first changed from linear to circular with a Fresnel rhomb 
to maximize the Raman gain [15] and then amplified in two 
multiple pass amplifiers (4 and 3 passes, respectively) to a peak 
energy of %2 J. The CO2 pump beam was mode matched to 
the transverse mode of the multiple pass Raman cell. 

The Q-switched Nd:YAG laser was an injection seeded 
Spectra Physics GCR3 laser. The Nd:YAG beam was fourier 
filtered to improve the beam profile. The linear polarization 
of the Nd:YAG beam was changed to circular with a set of a 
half wave and a quarter wave plate. This combination rather 
than a single quarter wave plate was used to be able to correct 
for the small polarization changes due to reflections on copper 
mirrors. These were used at large angles of incidence to inject 
the collinearly combined CO2 and Nd:YAG laser beams into 
the multiple pass Raman cell. The polarization state of the 
Nd:YAG beam was determined using the known polarization 
properties of SRS for low pump intensities [lS]. The beam 
was mode matched to the transverse mode of the multiple 
pass Raman cell. Thus, both Nd:YAG pump and CO2 pump 
beams had the same confocal parameter which is determined 
by the optical configuration of the multiple pass Raman cell. 

The multiple pass Raman cell is conventional of design 
[7]. It consists of two copper spherical mirrors in a near 
concentric stable configuration in which a mode matched beam 
will reproduce its transverse shape on each pass through the 
cell. This is also the case when the beam is injected off axis. 
By properly adjusting the angle at which the beam is injected, 
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Fig. 2. General experimental set-up. Properly delayed trigger signals trigger 
the Q-switch of the Nd:YAG laser and the discharge of the CO2 laser to 
produce synchronized optical pulses. The beams are mode matched and circu- 
lar polarized (MM&P), combined by a beam combiner (BC) and collinearly 
injected into a MPC. The output beams are separated by a prism (P). The 
powers at ic'i and ic'q are measured with photon drag detectors and the powers 
at ~ ' 2  and ic'3 with photo diodes. A digital oscilloscope recorded the detector 
signals. 

the reflection spots on each mirror can be made to lie on a 
circle. The Raman cell was reentrant at pass 34 and gave a 
confocal parameter of 0.72 m. 

Due to jitter the delay between the two pump pulses could 
only be adjusted to an accuracy of approximately 8 ns. 
Therefore, the mutual delay between the pump pulses was 
measured for each shot. The output beams were dispersed in 
a KBr-prism and directed to a set-up where a pyroelectric 
detector (Gentec ED 500) and a photon drag detector (Elop 
541 3) simultaneously measured the pulse energy and the time 
dependent power, respectively of the CO2 pump and its Stokes 
shifted beam. A Si photo diode (EG&G FND 100) and a 
fast pyroelectric detector (Laser Precision KT 1500) were 
used to measure the powers of the input Nd:YAG and CO2 
pump pulses. The experiments were triggered from a personal 
computer which also read and stored the data of the input 
and output pulse shapes from two digital oscilloscopes (HP 
541 1 lD, bandwidth 250 MHz). 

IV. RAMAN CONVERSION EXPERIMENTS 

A parametric investigation has been performed on the 
energy conversion in seeded SRS with CO2 pump powers 
below threshold for nonseeded SRS. [16]. Here, threshold is 
defined by the CO2 pump power which would generate 0.1 
MW of Stokes power. These experiments show maximum 
energy efficiency in the pressure range of 0.8-1 bar of para- 
hydrogen. Fig. 3(a) shows typical input and output pulse 
shapes at conditions where the widest Stokes pulses were 
observed in seeded SRS. Since the power of the seed pulse 
was too low to be measured, the Nd:YAG input pulse is 
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Fig. 3. Pulse shapes in seeded SRS. The input CO2 pulse is indicated by 
the grey line, the CO2 and Stokes output pulses by the thick lines, where 
the surface below the Stokes pulse is shaded. The input Nd:YAG pulse is 
indicated by a thin solid line. 

shown where it marks the position of the seed pulse. In these 
experiments the CO2 pump pulse is fully depleted and the 
Stokes pulse is considerably longer than the Nd:YAG pulse. 
Thus, it appears that the Stokes pulse is generated by SRS of 
the CO2 pump pulse while the short seed pulse only initiates 
efficient scattering. Once initiated, the scattering process can 
sustain the Stokes pulse fully due to the long living Raman 
polarizability [17], [18], even when the CO2 pump power is 
below threshold for nonseeded SRS. 

V. DISCUSS~ON 
As a starting point for the description of the experiments 

with a short seed pulse we assume a seed at the CO2 Stokes 
frequency which is generated by FWM, i.e., we assume a 
seed pulse with a pulse width in the order of the Nd:YAG 
pulse width and a power proportional to the power in the 
CO2 pump pulse section with which it overlaps. In the 
experiments the overlapping pump pulse section is determined 
by the delay between the Nd:YAG and CO2 pump pulse. The 
power in this pump pulse section amplifies the seed pulse 
by SRS. Once energy conversion has started, a large Raman 
polarizability can be established by the beat of the CO2 pump 
wave and the growing CO2 Stokes wave. Due to its finite 
dephasing time, a decaying polarizability remains when the 
CO2 Stokes pulse and the overlapping section of the CO2 
pump pulse propagate. This polarizability induces SRS of 
the following CO2 pump pulse sections more efficiently. The 
generated polarization at the Stokes frequency then grows and 
may radiate at measurable powers causing these pump pulse 
sections to deplete. At the same time the amplified Stokes pulse 
beats with the co-propagating pump pulse section to enforce 
the Raman polarizability. Even for dephasing times which are 

smaller than the pump pulse width by one order of magnitude 
the polarizability is sustained up to the tail of the pump pulse. 
This results in long Stokes pulses and an asymmetric pump 
depletion. 

The mechanism described above is simulated by the set of 
coupled differential equations (1). The seed amplitude was 
taken proportional to the CO2 pump amplitude in the pulse 
sections with which it overlapped and was inserted into the 
coupled set as the initial Stokes amplitude A,(z’ = 0,t’). A 
pulse width of the seed equal to 314 of the Nd:YAG pulse 
width, i.e., 9 ns, was chosen. The resulting input and output 
pulse shapes are shown in Fig. 3(b). In general the on-set 
as well as the asymmetry of the pump depletion is well 
reproduced. 

VI. SEEDED SRS OF A LONG PUMP PULSE 

The experimental pulse shapes discussed above showed 
CO2 Stokes pulses longer than the width of the Nd:YAG 
pulse or the dephasing time. For long dephasing times and 
high pump powers it caused a depletion up to the tail of the 
CO:! pulse. Thus, it seems possible to generate longer Stokes 
pulses if longer pump pulses were available. In this section we 
investigate numerically the possibility to generate long Stokes 
pulses from long pump pulses when a short seed pulse makes 
the scattering efficient. In the simulations we used a long pump 
pulse of constant power. The leading edge of the long pulse 
is taken from the measured CO2 pump pulse. 

Fig. 4(a)-(j) show the calculated pulse shapes of the pump 
and Stokes waves generated with and without a seed for a 
fixed dephasing time and seed power. In these figures time is 
plotted in units of the medium dephasing time 7. The seed 
with a pulse width equal to the dephasing time is applied at 
time t ’ / r  = 60. When the pump power is increased the seed 
starts to induce efficient SRS (Fig. 4(b) and (d)), while for 
the same pump powers SRS without seed remains inefficient 
(Fig. 4(a) and (c)). For higher pump powers (Fig. 4(e) and 
(8)) the scattering becomes efficient also for nonseeded SRS. 
Then, when the Stokes pulse induced by seeding terminates, 
the Stokes power reduces to powers which would also be 
obtained by nonseeded SRS (Fig. 4(e)-(h)). For even higher 
pump powers (Fig. 4(i) and (j)) when equal efficiencies are 
obtained by both seeded and nonseeded SRS, the seed in fact, 
triggers efficient scattering before SRS could become efficient 
by itself. It is thus observed that a Stokes pulse induced by a 
seed can be sustained by the Raman polarizability for a time 
substantially longer than the pulse duration of the seed or the 
dephasing time of the polarizability [ 171, [ 181. Also, since time 
is measured relative to the dephasing time, longer dephasing 
times can sustain longer Stokes pulses. 

Fig 4(b) also shows the amplitude of the Raman polariz- 
ability. In general, the polarizability first grows due to the 
beat of the Stokes seed with the pump wave. When the 
scattering becomes efficient the pump shows rapid depletion. 
The polarizability does not decrease simultaneously due to its 
finite dephasing time and still exists when the pump wave is 
fully depleted. It then beats with the powerful Stokes wave 
to build up a polarization at the pump frequency. The Stokes 
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Fig. 4. Calculated development of the pump depletion and the Stokes pulse 
shape in nonseeded (Fig. 4(a), (c), (e), (g), (1)) and seeded SRS (Fig. 4(b), 
(d), (0, (11). (i)) of a long pump pulse. The seed is applied at t ' / T  = 60. Fig. 
4(b) also shows the Raman polarizability (thin line). 

wave now depletes because of back conversion to the pump 
wave. The pump wave recovers and due to beating with the 
terminating Stokes pulse the polarizability increases again. 
When the pump field is fully recovered and the Stokes field is 
reduced to zero, the polarizability decays. Efficient SRS can 
only be restarted now when a new seed wave is applied. 

VII. SRS WITH A MULTIPLE PULSE SEED 

Very long Stokes pulses can be generated when the scatter- 
ing is seeded every time the Stokes pulse tends to terminate. In 

time (ns) 

Fig. 5.  Measured input and output pulse shapes of' the Nd:YAG pump and 
Stokes pulse trains after 32 passes in 0.8 bar p-Ha. Grey line: input pump 
pulse, thick lines: output pump and Stokes pulses, where the surface below 
the Stokes pulse is shaded. 

order to investigate this possibility experimentally, a multiple 
pulse seed was generated by a sequence of Nd:YAG pump 
pulses which overlapped the CO2 pump pulse at several 
sections. The sequence of Nd:YAG pump pulses contained 
four main pulses separated by 26 ns and was generated in 
a ring delay line by coupling out half of the Nd:YAG pulse 
energy after each round trip. The power of each seed pulse was 
proportional to the power of each sub-pulse in the Nd:YAG 
pump pulse sequence and to the pump power of the CO:, pulse 
section with which it overlapped. Therefore, the relative seed 
powers depended on the timing of the Nd:YAG pulse train 
with respect to the CO:, pump pulse. 

In Fig. 5 ,  the pulse shapes of the input and output Nd:YAG 
pump and Stokes pulse trains are shown. The scattering of the 
Nd:YAG pump pulse train shows 100% photon conversion 
of all but the first sub-pulse. This first sub-pulse is scattered 
transiently, i.e., with a high threshold power, and pump 
depletion is asymmetric. As described previously [ I ] ,  the 
enhanced scattering efficiency of each following pump pulse 
is caused by the decaying Raman polarizability induced by 
SRS of the preceding sub-pulse. 

The shapes of the measured input and output pulses in 
seeded SRS are shown in Fig. 6 for a gas pressure of 0.8 
bar and in Fig. 7 for 2 bar. At a pressure of 0.8 bar the 
long dephasing time already causes wide Stokes pulses when 
induced by a single seed. Therefore, the extension of the 
Stokes pulse by a second seed pulse is only noticeable when 
the overlapping pump pulse section is of low power as is the 
case in Fig. 6(d). 

In the experiments phase changes may occur between the 
seed pulses. These phase changes vary randomly from shot to 
shot due to small mechanical instabilities in the optical setup 
and air currents in the optical beam path. Fig. 7 shows input 
and output pulse shapes measured at a gas pressure of 2 bar. 
The two sets of four frames show the shapes of Stokes pulses 
which are influenced by phase changes between the pulses in 
the seed pulse sequence. Each set represents a different timing 
of the Nd:YAG pulse with respect to the CO:, pump pulse. 
In the first set the Nd:YAG pulse leads the CO2 pump pulse 
by approximately 17 ns. The first frame (a) shows the Stokes 
pulse which is induced by a single seed. Frame (b) shows an 
interrupted Stokes pulse which must be the result of a phase 
change of approximately ?r radians between the first and the 
second seed pulse. The total pulse width of the Stokes wave is 
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Fig. 6.  Measured pulse shapes of the Nd:YAG and CO2 input pump pulses 
and of the CO2 pump and Stokes output pulses in 0.8 bar p-H2 gas. The 
figures show Stokes pulses induced by a single seed (a), ( c )  and by a seed 
pulse train (b), (d). The line styles are the same as those used in Fig. 3. 

larger by a few ns with respect to the Stokes pulse induced by 
a single seed. Frame (c) is also interrupted but the interruption 
is not as pronounced as in frame (b). The resulting Stokes 
pulse width is slightly larger than the Stokes pulse in frame 
(b). Frame (d) shows a Stokes pulse which is slightly shorter 
than the Stokes pulse in frame (a). This might be a result of 
a Raman polarizability which is canceled by the second seed 
pulse. 

In the next set of four frames, the CO2 pump pulse leads the 
Nd:YAG pulse by approximately 13 ns. In general the Stokes 
pulses are much shorter now due to the low pump power and 
consequently, a low gain in the tail of the CO2 pulse. In these 
experiments interrupted Stokes pulses were observed which 
were caused by a single seed pulse as is seen in frame (0. 
Apparently, phase changes within a seed pulse also occur, 
possibly due to mode beating in one or both pump pulses. 
Frame (g) shows an interrupted Stokes pulse induced by the 
first seed pulse, and a second pulse at the Stokes frequency of 
low power induced by the second seed pulse. Frame (h) also 
shows a second Stokes pulse which is induced by the second 
seed pulse, while the first Stokes pulse seems to be terminated 
by a phase change within the first seed pulse. 

In Fig. 6, where the main result of the second seed was a 
slight extension of the Stokes pulse, an additional advantage 
of the Nd:YAG pulse train is the insensitivity of the Stokes 
energy upon the delay. In Fig. 7 where the shorter dephasing 
time may have caused a greater sensitivity to instabilities in 
the experimental set-up resulting in phase shifts between the 
pulses, a large variation of the Stokes pulse shape has been 
observed experimentally. These various Stokes pulse shapes 
show the possibility to either extend, interrupt or terminate 
the Stokes pulse by a second seed pulse. 

Since the CO2 pump pulse used in the experiments is in 
fact too short with respect to the dephasing time to properly 
investigate the extension of the CO2 Stokes pulse, the gener- 
ation of long Stokes pulses is simulated for an infinitely long 

L I 

(0 

time (ns) 

(g) 

0 so 
time (ns) 

Fig. 7. Measured pulse shapes of the Nd:YAG input pump pulse train and 
the CO2 input pump pulse and the output pulse shapes of the CO2 pump and 
Stokes waves for 2 bar. The figures show Stokes pulses induced by a single 
seed (a, e, and 0, and by a sequence of seed pulses (b, c, d, g, and h), where 
the Nd:YAG pulse leads the CO2 pulse in Fig. (a)-(d), and vice versa in Fig. 
(e&(h). The line styles are the same as those used in Fig. 3. 

pump pulse. The results of these calculations are shown in 
Fig. 8. The dephasing time and the seed pulse width had the 
same values as used in Fig. 4. A pump power was used which 
scatters inefficiently without seed. The amplitude of the first 
seed pulse was smaller than the pump pulse by a factor of 
100. The first seed pulse applied at t ' /r = 100, where steady 
state scattering is assumed to be obtained, induces efficient 
scattering. A second seed pulse with the same amplitude, 
delayed for 20, 40 and 60 dephasing times (Fig. 8(a)-(c), 
respectively), extends the Stokes pulse. If the second seed is 
reversed in sign to cause a phase change of T radians onto 
the polarization, the Stokes pulse is briefly interrupted (Fig. 
8(d)-(f). For smaller seed amplitudes with a reversed sign the 
polarizability generated by the second seed may start to cancel 
the polarizability generated by the first seed pulse. Then, for 
an appropriate seed amplitude, the Stokes pulse can even be 
switched off. This is shown in Fig. 8(g), where the second seed 
pulse had an amplitude which was smaller than the amplitude 
of the first seed pulse by a factor of 10. With a delay of 20 
dephasing times relative to the first one, it resulted in a Stokes 
pulse shorter than the Stokes pulse which was not seeded for 
a second time (Fig. 8(h)). The measured pulse shapes in Fig. 
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Fig. 8. Calculated pulse shapes of extended Stokes pulses ( a t ( c ) ,  interrupted 
Stokes pulses (d)-(fl and a Stokes pulse which is switched off (8). The Stokes 
pulse induced by a single short seed pulse is shown in Fig. 8(h). The first 
seed pulse is applied at t ‘ /r  = 100, the second seed pulse at t ’ / r  = 120 (a), 
(d), (g), t ’ / r  = 140 (d), (e) and t ’ / r  = 160 (c), (D. 

7(d) qualitatively show a similar behavior: compared to the 
first Nd:YAG sub pulse, the power in the second Nd:YAG 
sub pulse was low, while the power in the overlapping CO2 
pump pulse section was not much different. Consequently, the 
power in the second seed pulse is lower than the power in the 
first seed pulse. With a phase difference of approximately T 

radians between the first and second seed pulses, the second 
seed pulse was able to cancel the Raman polarizability and 
terminate the scattering. Summarizing, one may conclude that 
Raman scattering can be used to switch on and off high power 
Stokes waves with short low power optical pulse at the Stokes 
frequency. 

VIII. GENERATION OF SHORT PULSES 

Between the two pulses of the interrupted Stokes pulse a 
short pulse at the pump frequency is observed. This phenom- 
enon was investigated previously both experimentally [ 191, 
[20] and theoretically [6], [21]-[25]. It can be described 
as a soliton solution of the set of coupled equations in 
the hyper transient case, i.e., when the damping term is 
neglected. Experimentally, this corresponds to rapid amplitude 
variations within the dephasing time. The physical mechanism 
is basically a phase mismatch in the order of T radians between 
the driving fields and the induced polarization. Fig. 9 shows 
calculated input and output pulse shapes for single seeded (Fig. 
9(a) and (c)), and multiple seeded (Fig. 9(b) and (d)) SRS. The 
Stokes and pump pulse shapes in Fig. 9(b) show the same short 
pulse at the pump frequency when the phase of the second 
seed pulse was changed by T radians relative to the first seed 
pulse. For a dephasing time of 1 ns pulse shapes similar to the 
experimental ones (Fig. 7(b)) were obtained. The computed 
amplitude of the Raman polarizability in Fig. 9(d) shows a time 
dependence on the pump and Stokes field as given by (IC). 
The polarizability amplitude is positive and increasing when 
the pump and Stokes fields are in-phase as is the case e.g., for 
t’ < -10 ns in Fig. 9(b). For pump and Stokes fields which 

Fig. 9. Calculated Raman polarizability amplitude and pump and Stokes 
pulse shapes which are induced by a single seed at t‘ = -30 ns (a), (c) and 
by two seed pulses (b), (d), where the first seed pul;e is applied at t’ = -30 
ns and the second at t’ = -4 ns. In (b), the Stokes pulse is interrupted by 
the second seed pulse. The seed pulses are 9 ns wide. The line styles are the 
same as those used in Fig. 3. 

are out-of-phase, the polarizability amplitude increases too, but 
is negative. When either the pump field becomes small due 
to depletion or the Stokes field due to inefficient conversion, 
the dephasing term in (IC) dominates and the polarizability 
amplitude decreases. The short pulse at the pump frequency is 
generated in the short time interval preceding the time where 
the polarizability amplitude changes sign. The sudden phase 
change of the polarizability causes the pump field to deplete 
rapidly. The slope of the leading and trailing edge of the short 
pulse is proportional to the power gain of the pump and Stokes 
pulses, respectively. Since the power gain is proportional to the 
power of the wave which serves as pump wave, the slope of 
the leading (trailing) edge is proportional to the Stokes (pump) 
power. The slope of the leading edge is less steep than the 
slope of the trailing edge since the Stokes power generated in 
Raman scattering is smaller than the pump power due to the 
quantum efficiency. Very short pulses can thus be generated 
in a medium with a high Raman gain and a small Raman 
frequency, i.e., with a high quantum efficiency. 

Ix. SUMMARY AND CONCLUSION 

Both in experiments and simulations it  was found to be 
possible to generate long Stokes pulses by stimulated Raman 
scattering which is induced by a short low power seed pulse 
even when the pump power is too low to scatter efficiently 
without seed. The Stokes pulse width can be substantially 
longer than the seed pulse width or the medium dephasing 
time. The longer the dephasing time the longer the scattering 
efficiency is sustained by the material excitation. Very long 
Stokes pulses can be obtained from long, low power pump 
pulses if a second, third, etc. short seed pulse is applied 
whenever the Stokes pulse tends to terminate. The relative 
intensities and phases of the seed pulses are then important 
quantities. In-phase seed pulses extend the scattering, while 
out-of-phase seed pulses can interrupt the scattering with the 
creation of a solitonlike pulse at the pump frequency. The 
scattering can even be terminated when the amplitude and 
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the phase of the second seed pulse are such as to cancel the 
existing R~~~~ polarizability. R~~~~ scattering can thus be 
used to control the duration of high Power Stokes Pulses with 
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