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Abstract. Picosecond ruby laser pulses generate simultancously Stokes pulses of the
992 ¢cm ! ring breathing mode and of the 3063 cm ~! CH-stretching mode of benzene in
a Raman generator cell by stimulated Raman scattering under self-focusing conditions.
The Raman generator light is spectrally filtered, collimated, and amplified in three Raman
amplifier cells pumped by ruby laser pulses. Both first Stokes lines have been selectively

amplified to short, low divergence, intense light pulses.

PACS: 4265C

The vibrational stimulated Raman scattering process
vL Vg, +V,, where v; is the laser frequency, vy, is the first
Stokes frequency, and v, is the vibrational excitation
frequency, is widely used to generate intense first Stokes
Raman pulses [1-7]. Under intense pumping conditions
the stimulated Raman scattering depletes the pump laser
and the generated Stokes light becomes the pump source
of higher order Stokes light generation by the processes
Veu—=Vsn+1+Y, [1-14]. Four photon mixing processes
like vg,; + vg; — vy + v5, may contribute to the higher order
Stokes light generation if the corresponding phase-
matching angles are small [15-17]. Parametric Stokes
anti-Stokes coupling [1-5], v +v,—veg +Vas:, and
higher order anti-Stokes coupling, like v,g,+vi—vg,
+Vasn+1, are applied to generate intense short-wave-
length light pulses [1-5, 8-10, 18-21].

Steady-state and quasi steady-state stimulated Raman
scattering occurs if the pump laser duration Az is long
compared to the vibrational dephasing time T, [2-5]. In
this case the Raman amplification is

G= }(((?) —exp(gsly ). (1)

where gg is the steady-state Raman gain factor, I is the
pump laser intensity and / is the sample length. The
stimulated Raman scattering becomes transient for
Aty ST, [2-5, 22, 23]. Under extreme transient condi-
tions, At; < T,, the amplification changes over to
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where ¢t is the time [22, 24].

Steady-state stimulated Raman scattering with broad-
band pump lasers is considered in [25-31]. The Raman
gain was found to be similar high as in the case of
monochromatic pumping [Eq. (1), gain determined by
total pump laser intensity]. Transient stimulated Raman
scattering with broad-band pump lasers is described in
[25, 32, 33]. Inclusion of the different group velocities of
the pump and Raman light in the dispersive Raman
media reduces the gain [32, 33].

Stimulated Raman scattering occurs in generator cells
(no input of Raman signal, amplification of quantum
noise [1-8, 24, 26, 34, 35]), in amplifier cells (amplifica-
tion of input signal [1-5, 36, 37]) and in oscillator
arrangements (feedback of Stokes light [2, 4, 5, 37, 38]).

The Stokes wavefront is preserved in steady-state
Raman amplifiers [ 39-42] since the amplification is given
by

dEs(r, z) _&s
—4 =5 L )Es(r.2)
= 8500 | 1, 2)PEs(r. 2), 3

where Eg and E; are the electrical field strengths, #; is the
refractive index at the pump laser frequency, ¢, is the
permittivity, and ¢, is the vacuum light velocity. This
wavefront preservation has gained importance in the
generation of nearly diffraction limited Raman amplified
pulses with aberrated pump lasers and multi-beam pump
sources (beam clean-up [28, 39-43] and beam combina-
tion [44-47] of lasers, mainly excimer lasers). Under
transient Raman amplification conditions phase pulling
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effects have been observed (amplified Raman signal takes
over the phase relation of the pump laser) [37, 48-50].

In a recent paper we studied the stimulated Raman
scattering of benzene in a generator cell [ 51]. Picosecond
pulses of a passively mode-locked ruby laser served as
pump source. The stimulated Raman scattering was
accompanied by small-scale self-focusing [52, 53]. The
992 cm ™! ring breathing mode (steady-state Raman gain
factor gg=2.9%x10"*m/W [51]) and the 3063 cm*
CH-stretching mode (gg=0.95x10"'m/W [51]) of
benzene were stimulated simultaneously. The self-phase
modulation [53] and cross-phase modulation [54]
changed the quasi steady-state stimulated Raman
scattering (dephasing times 7,=5.2 ps for 992 ¢cm ™! line
[55] and 1.25ps for 3063cm™! line [56]) towards
transient stimulated Raman scattering (shortening of
effective interaction time). The moving-focus filament
formation [52, 53] fed pump light to the Raman
scattering process, thereby overcoming the pump pulse
depletion and allowing the stimulation of both Raman
lines.

In this paper the Raman light generated in a benzene
generator cell is amplified in benzene amplifier cells which
are pumped by picosecond ruby laser pulses. A spectral
filtering of the Raman generator output allows the
selective amplification of the first Stokes components of
the 992 cm ™! or the 3063 cm ™! line. While the Raman
conversion efficiency in the generator cell is already quite
high (up to 10%) and cannot be enhanced significantly in
the amplifier cells, the Raman light brightness is in-
creased strongly in the amplifiers by reduction of beam
divergence.

1. Experimental

The experimental setup of the Raman generator-
amplifier system is shown in Fig. 1. The picosecond pump
pulses are generated in a passively mode-locked ruby laser
(saturable absorber is 1,1’-diethyl-2,2'-dicarbocyanine
iodide) [57]. The laser wavelength is A, =694.3 nm.
Single pulses are separated from the pulse trains by
a Pockels cell shutter, and they are amplified in the ruby
laser amplifier I up to energies of 30 mJ. The laser pulse
duration is At; ~35ps.

The mirror M, splits off 20% of the ruby pulse energy
for reamplification in the ruby amplifier II to pump the
final Raman amplifier stage A3. The mirror M 2 separates
30% of the pulse energy for pumping the Raman
generator cell G. 50% of the remaining pulse energy is
separated by mirror M3 to pump the first Raman
amplifier stage A1, and the rest of the pump pulse excites
the second Raman amplifier cell A2. All Raman cells are
2 cm long and are filled with benzene.

The pump light to the generator cell is focussed by lens
L1 (focal length 20 cm, distance from Raman cell 27 cm)
in order to obtain efficient stimulated Raman scattering.
The generated Raman light is collimated by lens L2 and
spectrally filtered by bandpass filters F. Either the first
Stokes component of the 992cm™' line or of the
3063 cm ™! line is transmitted. Selection of higher Stokes
components leads to no amplification in the Raman
amplifier cells.
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Fig. 1. a Experimental setup. M 1-M 3, beam splitting mirrors with
reflectivities 0.2 (M 1), 0.3 (M 2) and 0.5 (M 3). L1, L2, lenses (focal
length 20 cm). G, generator cell. A1-A3, amplifier cells. F, band-
pass filter. E 1-E 3, beam combining edge filters. M 4, retroreflecting
mirror. AP, aperture with inner diameter of 8 mm. b Illustration of
pulse propagation. Dashed lines represent pump beam diameters.
Solid lines represent Raman beam diameters. Dotted lines indicate
origin of beam divergence behind A1. Hatched region indicates
angular spreading behind collimating lens

The Raman amplifier cells are longitudinally pumped.
The amplification is limited spatially to the cross-sections
of the pump beams. The central Raman pulse energy
density is increased and the Raman beam divergence is
reduced. The final Raman amplifier A3 is pumped by
reamplified ruby pulses.

In Fig. 1b the evolution of the beam diameters is
illustrated. The halfwidth borders are indicated by solid
lines for the Raman light and by the dashed lines for the
pump beams. The radial scale is expanded a factor of 80
compared to the axial dimension. The pump beam
diameters decrease somewhat with increasing pump pulse
energy. The hatched area gives an indication of the low
focusibility and low brightness of the collimated Raman
beam. The angular spreading depends on the spot size of
the Raman light in the generator cell and on the distance
between generator cell G and lens L2 (lowest spreading
for distance equal to focal length). The dotted lines
indicate the origin of the divergence of the Raman light
behind the first amplifier Al.

2. Results

The generation of Raman light in the generator cell is
illustrated in Fig.2a and 2b. The energy conversion
efficiency, 5o = Ws; 6/W1i, 6, of pump light into the first
Stokes components of the 992 cm ™! and the 3063 cm ™!
lines are displayed versus the total pump laser energy Wy,
behind ruby amplifier 1. The Stokes energy, Wy, g, is
measured behind the generator cell. Wy  is the pump
laser energy before the generator cell. The full divergence
angles (measured at the half-peak intensity position) in
the saturation region are 460(992cm™!)~0.02 and
A0(3063 cm ™ 1) 0.05. The pulse durations were measured
to be A4t5(992cm™1)=26+6ps and At5(3063cm™)
=20+6ps. The spectral widths were 495(992cm™1)
=56+1.5cm™! and 49;(3063cm™*)=17.5+4cm™!
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Fig. 2a—d. Stimulated Raman scattering and amplification. a and b
Energy conversion efficiency of stimulated Raman scattering in
generator cell. ¢ and d First Stokes Raman energy through-put
through aperture AP
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while the spontaneous linewidths are A¥,,(992cm™")
=2.04cm™" [55] and A47,,(3063 cm™')=8.5cm™ "' [56].
The input spectral widths of the ruby pump pulses
depended on the pulse switching position j. For pulse
selection at the pulse train maximum and slightly beyond
the pulse train maximum the spectral width was
A9 (0)=6.2+1.4cm ™. Pulse selection 4 pulses in front
of the maximum resulted in spectral widths of
A9 (—4)=2.440.5cm ™1, The spectral width of band-
width limited Gaussian pulses would be AV,,,;=0.441/
coAty, =0.42 cm ™!, where ¢, is the vacuum light velocity.
In most Raman amplification measurements the
switching position was around the pulse train maximum
(7=042). The spectral broadening of the laser pulses is
due to self-phase modulation in ruby. The broadening of
the Raman spectra beyond the input pump laser spectral
width (for the 3063cm™! line) and beyond the
spontaneous Raman line width (for the 992cm™! and
3063 cm ™! lines) is due to self-phase modulation of the
pump pulses and cross-phase modulation of the
generated Raman light in the benzene generator cell [ 54].
The self-phase modulation and cross-phase modulation
are enhanced by small-scale self-focusing in the generator
cell. The different spectral broadening of pump and
Raman light makes the Raman interaction transient
[51, 58, 59]. (In [51] the peak intensity necessary to
reduce the effective interaction time to 3 ps should read
Iy, =7 x 10° W/cm? instead of 7 x 10! W/cm?.)

The throughput of Raman light through the aperture
AP (diameter 8 mm) is displayed in Fig. 2c and d for the
992 cm ™! and 3063 cm ™! line, respectively. The generator
energy and the amplified energies in A1 and A2 are
shown. The amplification ratios W,/ W and W,,/W,,

saturate for W;;28mlJ. The gain saturation was ac-
companied by the onset of small-scale self-focusing with
efficient divergent amplification of spontaneous Raman
light. Both first Stokes Raman lines and the second
Stokes component of the 992c¢cm™' line became ob-
servable. The second Stokes component of the 3063 cm ™1
line at 1.208 pum is out of the range of our detectors. At
higher input pump pulse energies (W} >8 mJ) the pump
beam diameter is narrowed due to the stronger pumping
of the ruby amplifier 1. This beam narrowing facilitates
self-focusing [52]. The second Stokes light generation
is most likely due to the process vy, —vg,+v,. The
four-wave mixing process vg;+Vg —VL Vg, IS un-
likely because the collinear wavevector mismatch
Ak =2k, — ky, — kg; =21 (215, V51 — ny ¥ —nsy Vs) is
—40cm™! for the 992cm ™! line and —312cm™* for
the 3063 cm ™~ * line, and the noncollinear phase-matching
angles ¢ =arccos [(ki +4k2, —k2,)/4k; ks;] of 1.6 x 102
at992cm ™' and 4.1 x 1072 at 3063 cm ™! are larger than
the Raman beam divergence angles in the amplifiers. The
refractive indices n; involved in the calculations were
extracted from data in [60] and are included in Table 1.

Behind the first Raman amplifier A1 beam divergences
of 40 =(8 +2) x 10~ * were measured for both vibrational
lines. Behind the second amplifier the divergence reduced
to (1.240.3) x 1073, The Raman pulse durations behind
the second amplifier were measured to be 47,,(992cm™1)
=2345ps and 4¢,,(3063cm™)=23 4+ 5 ps. The spectral
widths were 49,,(992cm™')=5.7+1.7cm™" and
A%,,(3063cm™1)=6.3+1.3cm ™. The spectral width of
the 992 cm ™ ? line is approximately equal to the spectral
width of the pump pulses and of the Raman generator
light. For the 3063 cm™! line the spectra narrowed to a
width approximately equal to the pump laser width and
slightly smaller than the spontaneous Raman linewidth.

The output Raman energy W,; behind the final
amplifier A3 is plotted versus the input pump laser
energy W, in Fig. 3. The amplification is shown for
different input Raman energies W,,. The highest
output energies were W,3(992cm”™!)~6m] and
Wy3(3063cm ™) ~1.5mJ at a pump pulse energy of
Wi,=40mJ. The Raman beam divergence behind
amplifier A3 remained about the same as the divergence
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Fig. 3. First Stokes Raman amplification in amplifier cell A3 versus -

pump pulse energy. The input Raman energies are I 0.15mJ,
20.3mJ, 30.6mJ, I’ 0.055mJ, and 2 0.18 mJ



68

behind A2. Values of 40(992cm™1)=(1.2+0.2)x 1073
and 460(3063 cm™1)=(1.5+0.2) x 10~ 3 were measured.
The final Raman pulse durations and spectral widths
were  A2,5(992em™1)=304+7ps, A41,5(3063cm™h)
=14.54+55ps, AV,3(992cm™)=3.9+1.4cm™', and
A7,3(3063cm ™) =5.5+1.1cm™!. In the selective
amplification of the 992 cm ™! line no other Raman lines
were generated up to the highest pump pulse energy. In
the case of the selective amplification of the 3063 cm™*
line some Raman light generation at the 992 cm™! line
was observed occasionally for pump pulse energies above
25mlJ.

Some relevant Raman parameters together with the
Raman pulse durations and spectral widths along the
Raman generator-amplifier chain are summarized in
Table 1. Behind the final Raman amplifier the frequency-
time bandwidth product of the Raman signals has
become smaller than that of the pump laser indicating
some temporal-spectral beam clean-up effect in the
Raman amplifiers [37, 48-50].

The dependence of the Raman amplification on the
temporal synchronization between pump pulse and input
Raman signal is illustrated in Fig. 4 for the first Raman
amplifier A1. The energy density amplification #,, versus
delay time tp=t5— ¢, is shown (¢, temporal peak position
of pump pulse; £ temporal peak position of Raman pulse,
tp>0 means that the Stokes pulse is behind the pump
pulse). The pump laser energy is kept at Wy, & 10mJ. The
zero delay position ¢ =0 is set arbitrarily to the peak gain
position of the 992 cm ™! line. An exact measurement of
the zero delay position was not performed. For the
992 cm ™! line the delay time halfwidth is approximately
equal to the pump pulse duration, while for the 3063 cm™*
line the time delay range of efficient amplification is
limited to the trailing edge region of the pump pulse. The
3063cm ™! Raman light which has the smaller steady-
state gain factor seems to be generated in the trailing
pump pulse region of the generator cell. The small
halfwidth of the time delay curve is thought to be due to

Table 1. Performance parameters. The pump laser parameters are
A =694.3nm, At; =35£5ps, AT, =5+2cm ™!, Av A5, =5312.5,
. =1.4948 [60], on, [6A~ —4.6x 107> nm™*

Parameter 992 cm™* line 3063cm™ ! line
Js, [am] 745.7 881.8

g [m/W] (2.9+0.3)x 10711 [51] (9.5+1.5)x 10712 [51]
T, [ps] 5.2 [55] 1.25 [56]

A%, [cm™1] 2.04 [55] 8.5 [56]

Ny 1.4926 [60] 1.4887 [60]
dng, /04 [nm™*] —3.7x 10" —22%1075

Atg [ps] 26+6 2046

A [em™1] 5.6+1.5 175+4
Avghts 4.74+2.5 10.54+5

Aty [ps] 23+5 23+5

AV, [em™1] 574+1.7 6.3+1.3
AvayAty, 4242 43%1.5

Aty [ps] 30+7 14.5+5.5
AFps [cm™Y]  3.9+14 55411
Avyaditys 38+2 24%13
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Fig. 4. Dependence of Raman amplification in amplifier cell A1 on
temporal delay between Raman generator signal and ruby pump
pulse (tp=15—1.)- Solid curves are fitted to experimental points.
Dotted curve shows pulse shape of pump laser
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different frequency chirping of the 3063 ¢cm™! Raman
generator light and the pump laser.

The time separation between the pump pulses and the
first Stokes pulses in the amplifier cells due to group
velocity dispersion is given by

1 1 !
Oty g1 =I{ — — = — (Mg — Ny 51), 4
L,S1 (Ug,L Ug,Sl) Co ( g, L g,Sl) ( )
where /is the sample length, v, is the group velocity, n, the
group refractive index, and ¢, the vacuum light velocity.
The group refractive index is determined by [61]

n
= 1 Aon’ )
+ n ol

where #n is the phase refractive index. The calculations
give 0t 5,(992cm™*)=0.45ps and 04 5, (3063cm™")
=1.25ps ({=2 cm and refractive index data of Table 1).
These separations are short compared to the pump pulse
duration.

The main effect of the Raman amplifiers is to reduce
the beam divergence and to increase the Raman bright-
ness. This behaviour is illustrated in Fig. 5. The solid lines
belong to the 992 cm ™! mode and the dashed lines belong
to the 3063 cm ™! mode. Part (a) shows the evolution of
the Raman beam divergence. The divergence behind lens
L2 is set equal to the measured divergence behind
amplifier A1 (see hatched region and dotted lines in
Fig. 1b). The beam divergence of the pump laser is
included (dash-dotted line). The apertured Raman pulse
energies (passing aperture AP) are shown in part (b) for
the indicated set of pump pulse energies (circles). The
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Fig. Sa—c. Raman light development along propagation direction. a
Beam divergence 40 (FWHM). Solid curve, 992 cm ™! line. Dashed
curve 3063 cm ™! line. Dash-dotted line, pump laser. b Apertured
first Stokes pulse energies of 992 cm™* line (solid) and 3063 cm ™!
line (dashed). Circles are the pump pulse energies. ¢ Energy
brightnesses of the 992 cm™? line (solid) and the 3063 cm™* line
(dashed). Circles indicate the pump pulse energy brightnesses

energy brightness By, is displayed in part (¢). By is defined
by

W 4w
Bv="a = wie* ©

where W is the pulse energy and AQ is the solid angle of
divergence. The curves belong to the pump pulse energies
of Fig.5b. The energy brightness of the collimated
Raman beams is increased by approximately a factor of
2500 in the three amplifiers. The energy brightness of the
ruby pump pulses are indicated by the circles. Behind the
third Raman amplifier the energy brightnesses of the
992 cm ™! and the 3063 cm ™! lines are approximately 1%
and 0.35% of the energy brightness of the pump laser.

3. Conclusions

The generation of intense picosecond Raman pulses in
a picosecond ruby laser pumped benzene Raman
generator-amplifier system has been studied. The
effective stimulated Raman scattering in the generator
cell was initiated by small-scale self-focusing and resulted
in the simultaneous generation of three Stokes com-
ponents of the 992 cm ™! breathing mode (highest steady
state Raman gain factor g,) and of the first Stokes
component of the 3063c¢cm~! CH-stretching mode
(highest g,/T, value) of benzene. The Raman amplifica-
tion in the longitudinally pumped amplifier chain allowed
the selective stimulation of the first Stokes components of

the 992cm ™! and the 3063cm ™" lines to high energy
brightnesses by increasing the Raman signal energy and
reducing the Raman beam divergence. The durations of
the Raman pulses remained nearly unchanged in the
amplifier cells. The spectral widths of the generated
Raman pulses are pulled towards the spectral widths of
the pump laser pulses.
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