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Bessel-beam-pumped

tunable distributed-feedback laser

Steffen Klewitz, Frank Brinkmann, Stephan Herminghaus, and Paul Leiderer

A distributed-feedback (DFB) dye laser that is pumped by a standing Bessel-beam wave is constructed.
Because of the long line focus of the Bessel beam, the laser medium is pumped in only a very thin filament
(a few micrometers) along the optical axis. At the same time, longitudinal-mode selection is achieved
because of the DFB effect. It is demonstrated that when the effective wavelength of the Bessel pump
beam is varied, the Bragg wavelength for DFB is altered, and as a result the output wavelength can be

tuned.

1. Introduction

The basic requirements for extended tuning of a laser
is having a broadband gain of the laser medium and
having a method of selecting one frequency out of this
spectral range. One concept for narrow-band wave-
length selection is to use distributed-feedback (DFB)
in the laser medium. This method is based on peri-
odic modulation of the refractive index or gain in the
optical path. Laser dyes are known to provide a
broad band of high gain, so the combination of DFB
and a dye as the active medium yields widely tunable
lasers and has been used extensively.1¢

The periodic modulation of refractive index or gain
in DFB dye lasers is usually achieved by means of an
interference pattern in the pumping-light field. The
spatially periodic modulation of the pump intensity
gives rise to spectral selection of the longitudinal
modes because of the wavelength selectivity of the
Bragg effect.” The dispersion relation is thereby
modified as well, leading eventually to stop bands in
the optical field of laser emission.® In the usual
(transverse) pumping schemes, the pump beam is split
into two beams, which are projected into the dye in
order to yield the desired interference pattern.

If one wants to achieve transverse-mode selection
at the same time, a thin, long filament of intense light
is necessary. If the pumped volume is a cylinder
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with a large ratio of length to diameter, zero-order
modes reach threshold first because the mode inten-
sity close to the axis increases for a decreasing order
of the modes. From along interaction region one can
also expect a lower threshold and a smaller linewidth.
Commonly a cylindrical lens is used to obtain a
pumping field that is elongated in the direction of the
desired laser beam and focused in its normal direc-
tion.! But the focus of a cylindrical lens is far from
being an ideal, cylindrically symmetric pump volume.
It is the purpose of the present paper to demonstrate
that all three demands, maximum length of the
intense filament, tunability of the periodic longitudi-
nal intensity modulation, and a narrow cylindrically
symmetric pumped area, can be easily achieved by
using a standing Bessel wave as the pump beam.

2. Bessel Pump Beam

A Bessel beam may be viewed as consisting of a set of
plane waves whose k vectors include a given angle vy
with the optical axis. Hence the k vectors are lying
on a cone. These waves mutually intersect each
other, thereby forming an interference pattern. The
transverse-intensity profile in the radial direction is
then given by a zero-order Bessel function of the first
kind.? We define vy as the steepness of the Bessel
beam [see Fig. (1)]. An important fact is that the
intense inner spot of the Bessel beam does not change
its width while it is propagating along the central
axis. Hence this long line focus can be considered to
be a nondiffracting beam.

Since Durnin®! pointed out the existence of solu-
tions of the wave equation that provide diffraction-
free beams, various generation schemes and applica-
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DFB-Laser output

Fig. 1. Experimental setup: the expanded beam from a pulsed
Nd:YAG laser is sent into an optical setup that allows us to vary the
steepness vy of the Bessel beam. A standing Bessel wave is formed
in the dye by reflection from the mirror at the rear side of the
cuvette and leads to laser output. L;, Lg, lenses; L, distance
between the Axicon and Lo; 3, axicon basis angle; f1, f, focal lengths
of lenses L,; and Lo, respectively.

tions have been found.-13 A commonly neglected
fact in the treatment of Bessel beams is that under
certain circumstances, the tunable effective wave-
length A = \o/cos(y) determines the results of the
experiment. Together with the high intensity and
the long interaction length of the line focus, the
tunability of the effective wavelength can be a power-
ful tool in nonlinear optics. Phase matching of the
second-harmonic generation of a Bessel beam in a
KDP crystal at unusual angles has already been
demonstrated.*

Bessel beams therefore are also interesting for the
design of DFB lasers. For generation of the Bessel
beam we used an axicon,?16 which was a glass cone in
our case. Axicons have already been suggested for
effective pumping schemes of some lasers,!” mainly
because of the resulting high radial uniformity of the
pump beam, which shows a maximum of intensity
along the axis, even in an absorbing dye. Axicon
laser pumping is an established method and was
carried out in several studies.181° But the tunability
of the effective wavelength of the Bessel pump beam
that was obtained has not used up to now. If one
builds up a standing Bessel wave pattern by reflecting
a Bessel beam into itself, a long line focus of intense
spatially modulated light with a diameter of some
micrometers that can be used to pump a laser medium
is formed. Pumped with light of wavelength \q, the
wavelength of this standing Bessel beam is
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providing longitudinal-mode selection. The idea in
this arrangement is that because of the limited
extension of the inner spot, even transverse-mode
selection should be possible. Therefore no resonator
or external optical element is needed, and hence this
Bessel-beam-pumped DFB laser is superradiant and,
at the same time, capable of single-mode operation.

3. Experiment

In our experiment we pumped the dye with a @-
switched frequency-doubled Nd:YAG laser. The
pump pulses had an energy between 40 and 150 mdJ
and a pulse duration of 10 ns. The laser light shows
a coherence length of 1 cm, which is quite enough to
achieve high modulation of the interference pattern
in the standing wave. As shown in Fig. 1, our setup
allows us to vary the Bessel angle v and thus the
wavelength of the standing Bessel wave in the dye.20
An axicon is inserted into a telescope consisting of two
lenses, L; and Ly, hence a ring focus is formed in their
common focal plane. Thus the angle y of the result-
ing Bessel beam depends on the position of the axicon
between the lenses, according to

1 1

f L

where v, is the angle of an on-axis beam after it has
passed the axicon and is given as yo = (n — 1), with n
as the refractive index of the axicon and 5 as its basis
angle. L is the distance between the axicon and the
second lens, and L is the free parameter to be varied
in order to vary v.2!

The obtained Bessel beam was reflected by the
silvered rear side of a cuvette that contained a
solution of fluorescein 27 dissolved in alkalic metha-
nol (KOH in methanol, pH = 8). In order to take
degraded dye out of the active region, the dye was
continuously pumped through the cuvette. Metha-
nol as a solvent shows a very low optical Kerr effect.??
In our geometry a pump pulse of 50 mdJ would lead to a
variation of the refractive index of less than 103,

The concentration of the dye has to fulfill the
demands that the laser has a low threshold and that
the self-lasing wavelength lies near the pump wave-
length. The latter is necessary to be able to use
Bessel beams that are not too steep [see Eq. (1), We
determined the optimum length of the cuvette and the
concentration of the dye with a superradiant Bessel
laser. In a cuvette with a length of 3 mm the opti-
mum concentration was found to be 0.2g/L
(5 X 1074 mol/L). In this case we achieved a thresh-
old energy near 20 mdJ for a Bessel pump beam.

It is clear that the present configuration is not
optimized with respect to the laser efficiency, because
only a small fraction of the Bessel-beam power is
associated with the central intensity filament, and
the rest is absorbed elsewhere in the dye. This
drawback may be overcome by using a glass plate
with a thin borehole that restricts the dye to the
high-intensity region instead of a cuvette.! We do
not, however, dwell on the details of the design here.

The self-lasing wavelength, which is the wave-
length of highest gain in the dye pumped with a
Gaussian beam, was 545 nm for this concentration.23
With a small mirror, the fluorescence laser beam was
reflected into a monochromator with a spectral reso-

tan y = L tan(vy,) ) (2)
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lution of 1 nm. A slight misalignment of the mirror
causes the laser output signal to vanish, as is ex-
pected when the axis of the pump beam is not
coincident with the axis of the reflected beam. Laser
action was thus observable only if the interference
pattern was present.

In order to change the wavelength of the gain
variation in the dye, hence to tune the lasing wave-
length, the steepness y of the Bessel beam was varied.
The measured and the expected wavelengths are
shown in Fig. 2 versus the steepness of the Bessel
beam. We were able to tune the obtained laser
output wavelength over 4 nm, but it was not possible
to reach a wavelength below the self-lasing wave-
length of A; = 545 nm.

4. Discussion

In Fig. 2 the measured wavelength of the DFB laser is
plotted versus the Bessel cone angle vy, in air. At
small angles vy the output had been exactly the
self-lasing wavelength \,. With increasing vy;, the
output wavelength increases slowly and reaches the
solid curve at higher angles. The solid curve shows
the B)ragg wavelength of the DFB laser according to
Eq.(1).

Although this result demonstrates the tunability of
the laser output, the measured wavelength is not
what one would expect from the Bragg effect. For
small angles vy (=10°) this behavior can be explained
by the gain efficiency of the dye, which is also dis-
played in Fig. 2. The Bragg wavelength does not lie
within the gain region, so there is a situation of lasing
at highest gain that is not influenced by the spatial
modulation of the pump field.

Quantitative explanation of the values of the out-
put wavelength at higher angles is difficult. Because
of the absorption of light in the dye, the nearly
longitudinal pumping scheme results in a spatial
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Fig. 2. Results and gain curve: the solid curve represents the
Bragg wavelength plotted against the angle vy, of the Bessel beam
in the air. We also plotted the gain efficiency of the dye in the
left-hand part of the figure (dotted—dashed curve). The horizontal
dashed line gives the wavelength of maximum gain.
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dependence of the amplitude of gain modulation.
The gain profile is not constant over the tuning range,
as assumed in theories of DFB lasers.”2¢ Also, satu-
ration effects in the dye or thermal effects might
contribute to shifting of the output frequency. Ano-
ther possible explanation is that the amount of index
variation is not negligible, because it has been shown?*
that, for systems with combined index and gain
modulation, the output frequency is decreased rela-
tive to the Bragg frequency. Because the intensity
pattern in the dye is rather complicated, a detailed
explanation would be a formidable numerical task.

In conclusion, we have demonstrated that Bessel
beams may be useful for pumping tunable dye lasers,
because of their long and thin line focus and the
tunability of their effective wavelength. Just by
moving an axicon, we changed the DFB wavelength,
which allows us to tune the output laser frequency.
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