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A dye laser emitting at four different frequencies separated by 293.5 (=587/2) cm

~! is made by inserting an

etalon in the resonator cavity of the laser. This laser beam is focused into molecular hydrogen (rotational
Raman shift frequency, 587 cm™') to generate a multicolor laser beam consisting of more than 10 rotational lines
in the vicinity of the fundamental lines by four-wave Raman mixing. Such rotational lines also occur in the
vicinity of the vibrational Raman lines. Thus more than 25 emission lines appear simultaneously. This approach
is useful to multiply the line density, i.c., the emission lines within a specified wavelength region.
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1. Introduction

The two-color stimulated Raman effect, i.e., simultane-
ous generation of many rotational and vibrational Raman
emissions, which is produced by the introduction of a
two-color laser beam into a Raman medium, represents a
possible method for the generation of multicolor laser
emission. When hydrogen is used as a Raman medium,
more than 50 emission lines are simultaneously generated;
these are separated by 587 cm™' corresponding to the tran-
sition energy between the rotational levels of J=1 and J=
3. These lines are also separated by 4155 cm™! correspond-
ing to the transition energy between the vibrational levels
v=0 and v=1.? Such a multicolor laser could be useful
for a variety of applications, e.g., to generate ultimately-
short optical pulses,” to illuminate artistic presentations
such as laser light shows,? and as a light source in a
laser-radar (lidar) system for remote sensing.>® To increase
the line density, i.e., the number of emission lines within
a specified wavelength region, it is possible to use a differ-
ent Raman medium having a smaller Raman shift fre-
quency. Unfortunately, hydrogen is the most efficient
Raman medium, and no substitute for it is readily avail-
able. An alternate approach might involve the use of para-
hydrogen with a smaller rotational Raman shift frequency
of 354 cm™!, corresponding to the transition energy be-
tween the rotational levels of J=0 and J=2.” However,
para-hydrogen is less stable and 3/4 of it is converted into
ortho-hydrogen at room temperature. Another method is
the use of a multifrequency laser with a frequency separa-
tion of 587/7n cm !, where 7 represents the multiplication
number. For example, in case of n=2, at least four emis-
sion lines separated from each other by 293.5cm™' are
needed for the present purpose, in which a pair of lines
separated by 587 cm™! acts as pump and seed beams, and
another pair separated by 587 cm™! as the other pump and
seed beams. The output beams from four independent dye
lasers could be combined to construct a laser which emits
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at four frequencies and which acts as two pump beams and
two seed beams in a two-color stimulated Raman effect.
However, this system is expensive and adjustment of the
laser beams is quite difficult temporally, spatially, and
spectrally.

In this study, we report the construction of a dye laser
which emits at four different equally spaced frequencies.
To achieve this, an etalon is inserted into the dye laser
cavity and is slightly tilted as the frequency spacing ap-
proaches 293.5(=587/2) cm™!. Coumarin 307, because of its
broad gain bandwidth, is employed as a laser dye. This dye
laser beam is focused into molecular hydrogen to generate
multicolor laser emission by four-wave Raman mixing.
This approach allows multiplication of the line density and
provides conditions conducive for better reproduction of
light and color in illumination work.

2. Experiment

The experimental apparatus constructed in this study is
shown in Fig. 1. The dye laser consists of an output
coupler (Sigma Koki, beam wedge, quartz), a beam ex-
pander (Oriel, magnification 20), a deposited etalon (Tech-
nical Optics, ED-200, free spectral range 293.5 cm™?, finesse
100), an end mirror (Sigma Koki, dielectric mirror), and a
dye cell (1X1cm) containing coumarin dye (Exciton,
Coumarin 307, 1072 M) which is pumped by focusing a split
beam of an excimer laser (Lambda Physik, LPX 205, 380
m]J, 5Hz) with a cylindrical lens (Sigma Koki, quartz,
focal length 10 cm). The etalon is mounted on a rotation
stage (Sigma Koki, KSA-120PM) in order to tilt the angle
for fine adjustment of the free spectral range. A beam
expander is used to enhance the spectral resolution and to
reduce the optical damage of the etalon. After amplifica-
tion of the oscillator beam by passing it through a second
dye cell (Exciton, Coumarin 307, 3x10°®M), which is
pumped by the remaining portion of the excimer laser by
the cylindrical lens (Sigma Koki, quartz, focal length 10
cm), the beam is focused into a hydrogen-filled Raman cell
(Iwatani, purity 99.9%) by a spherical lens (Sigma Koki,
quartz, focal length 20 cm). The spectrum of the output
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Fig. 1. Block diagram of the experimental apparatus used for the
generation of multicolor laser emission.

beam is measured by a monochromator (Jasco, CT-50)
equipped with a photomultiplier (Hamamatsu, R1447).
The pulse energy of the laser beam can then be measured
using either a power meter (Ophir Optronic, DG HH) or
a pyroelectric device (Molectron, Joule Meter, J3-05 DW).

3. Results and Discussion

8.1 Dye Laser

The output energies of the dye laser from the oscillator
and the amplifier were 0.5 mJ and 25 m], respectively. The
polarization of the dye laser beam is considered to be
perpendicular to the reference plane. The emission spec-
trum of the amplified beam is shown in Fig. 2. The
emission lines were separated from each other by 299.6=
7.8 ecm™!. The spectral linewidth of each emission line was
approximately 0.7 nm (27 cm™), the finesse being 10. Thus
the frequency separation of the emission lines coincides
with a value of 293.5(=587/2) cm™' within experimental
error. The finesse observed was rather small, a factor
which could be due to a defect in the etalon or to poor
alignment of the dye laser. The number of emission lines,
however, exceeded four and was sufficient for the purposes
of the present study. At the beginning of this study, we
expected to be able to generate a larger number of emis-
sion lines, due to the broad gain bandwidth of Coumarin
307 (479-553 nm,®? Av=2794 cm™, 2794/293.5=9.5). The
smaller number of emission lines observed may be ascrib-
able to competition of the emission lines in laser oscilla-
tion and amplification, i.e., enhancement of strong lines at
the gain center and suppression of weak lines at the wings
of the gain curve; the tunable range, however, can be
extended to the entire spectral region where the dye laser
gain exceeds the loss of the resonator cavity. Other laser
dyes such as 4,4 -bis-(2-butyloctyloxy)-p-quaterphenyl
(BBQ) were also investigated, but using these it was
difficult to simultaneously generate more than four emis-
sion lines so that these dyes were not used in this study. In
order to avoid such competition, it is desirable to isolate

N. TAKEYASU et al.

the pumping region for the laser beams emitting at
different wavelengths.? Therefore, such a technique might
be useful for other laser dyes like BBQ, although the laser
cavity would predictably become more complicated.
3.2 Four-Wave Raman Mixing

The multicolor laser emission generated by passing the
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Fig. 2. Emission spectrum of the dye laser. Five emission lines,

separated by 587/2 cm™!, are generated. The lines near 600 nm are
due to stray light.
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Fig. 3. Emission spectrum of a multicolor laser generated by the
two-color stimulated Raman effect. The hydrogen pressure is ad-
justed to 8 atm. Many emission lines, separated by 587/2 cm™, are
observed in the vicinity of the fundamental and vibrational Raman
lines. The peaks marked by open circles are new or strongly enhanced
spectral lines through four-wave Raman mixing.
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above multifrequency laser beam into a Raman cell pres-
surized with hydrogen at 8 atm is shown in Fig. 3. The
pulse energy of the laser beam from the Raman cell was 14
m]. As in a previous study using a two-frequency beam,
numerous rotational lines occur in the vicinity of the
fundamental and vibrationally shifted Raman lines. More
than 25 emission lines appear simultaneously. Such an
experiment was also performed at 6 atm. The rotational
lines were more pronounced in the vicinity of the funda-
mental lines, and more than 10 emission lines could be
clearly observed. As expected,? however, the rotational
lines in the vicinity of the vibrational lines were more
suppressed and the total number of emission lines was
reduced to 22. Unfortunately, the threshold for generation
of multicolor laser emission (at which the gain is 20-30 and
the intensity of the emission line increases to ca. 1% of the
fundamental line) was high in the present study, so that
the frequency domain covered was narrow in comparison
with the case using a two-color beam.'~* This was so even
when the pulse energy was increased from 15 mJ to 25 mJ.
These results are probably due to the facts that the line
density is doubled and two series of emission lines sepa-
rated by 587 cm™! appear independently. It is apparent that
no interaction (e.g., a concerted effect through nonres-
onant four-wave Raman mixing) occurs, which is probably
due to there being similar intensities for these two series of
emission lines. Infrared tunable laser emission is strongly
enhanced through nonresonant four-wave Raman mixing
when a strong fixed-frequency Nd:YAG laser is introduced
as a pump beam in addition to a LiNbQO;, optical parametric
oscillator.!*? It is also noteworthy that the spectral
linewidth of the dye laser is rather broad (0.7 nm), in
contrast to 0.007 nm found in our previous studies.? This
may provide a higher threshold and lower efficiency,
although the efficiency of four-wave Raman mixing re-
sponsible for generation of rotational lines is more insensi-
tive to the spectral linewidth than stimulated Raman
scattering, which is responsible for the generation of the
first Stokes Raman line.'?
8.8 Further Developments

For applications to laser illumination it is desirable to
generate a multicolor laser beam consisting of many
emission lines over the entire visible region. In the present
case there are spectral regions where emission lines are
absent due to poor efficiency. A transform-limited high-
peak-power laser with a narrow spectral linewidth (e.g., in
the picometer range) and a short pulse width (e.g., pico-
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seconds) would be especially useful to improve efficiency
in the present approach.'” To generate multicolor laser
emission completely equally-spaced over the entire spectral
region, it would require suppressing the vibrational lines
and enhancing the rotational lines. This can also be
achieved by optimization of conditions, such as hydrogen
pressure,® beam focusing conditions,'® the linewidth'® and
the wavelength of the laser.'¥

4. Conclusions

More than 25 laser emission lines can be generated
simultaneously by focusing a laser beam into molecular
hydrogen, based on four-wave Raman mixing. The line
density is doubled by using a dye laser emitting at four
different frequencies separated by 587/2 cm ™ as two pump
and two seed beams. Such a multicolor laser may have
broad applications in areas such as a laser radar (lidar) for
atmospheric monitoring, and also as a laser light show for
illusional presentation in art.
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