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ABSTRACT

We demonstrated continuous-wave dual-wavelength operation of a Nd:CALGO laser with intracavity conerefringent
element. The laser produced conically refracted dual-wavelength radiation output with more than 100 mw of power.
Dual-wavelength radiation was generated owing to the broad gain bandwidth of the Nd:CALGO crystal.
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1. INTRODUCTION

Conical refraction (CR) laser beams have attracted a lot of attention due to their potential applications for
communication, metrology, microscopy, optical trapping, etc. [1-4]. In CR a biaxial crystal transforms the propagating
Gaussian beam into a hollow cylinder with an annular transverse intensity profile [5-12]. The unique property of the
CR laser beam is that the polarization state distribution along with the CR pattern results in every two diametrically
opposite points to have orthogonal polarizations. At the same time CR light beam exhibits symmetrical evolution
pattern with respect to the so-called Lloyd image plane and evolves into a bright center spot (i.e. the Raman spot) in
the far-field. The generation of the CR laser beams directly from the laser oscillators has been also demonstrated
where single wavelength radiation was produced [12-19]. Some applications, however, would benefit from multiple
wavelengths. Multi-wavelength operation was demonstrated from a number of gain media [20-25].

Recently, we have demonstrated a CR laser based on separate intracavity conerefringent element (CRE) and laser host
(Nd:YVO), and CR laser beam with unprecedented quality with fully resolved concentric rings was generated [13].
The separation of the CR element and the laser host made it possible to alleviate the complex pumping and facilitate
the power scalability of the laser [26,27]. The laser properties such as wavelength was also independent from the CRE
material.

In this work we demonstrate generation of dual-wavelength (DW) CR radiation directly from a single laser. Our
approach was based on a gain medium with broadband gain and intracavity conerefringent element (CRE). Among
the Nd-doped laser crystals, Nd:CALGO (Nd:CaGdAIlO.) exhibits a broad emission bandwidth (~15 nm) with a strong
absorption line at 806.5 nm and the largest emission cross-sections at 1067.7 nm (E//x) and 1078.8 nm (E//c) [28-31].
The broad gain bandwidth of the crystal makes it a suitable candidate for wide wavelength tuning range, as well as
multi-wavelength laser operation [30,31]. The demonstrated laser produced DW radiation at 1078.6 nm and 1080.8
nm. The laser delivered CR laser beam output with excellent quality and output power of >100 mW. Local polarization
states of the produced beam were analyzed with a polarizer and its CR nature was confirmed.
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2. EXPERIMENTAL SETUP

A5 mm-long 1 at.% (a-cut) Nd:CALGO crystal was used as the gain medium and an 18 mm-long KGW crystal served
as a CRE. The biaxial crystal of KGW is well-known for its strong optical anisotropy and good laser properties [32-
37]. Both crystals were placed in a modified delta-cavity with additional focusing mirror for the CRE (see figure 1).
The laser was pumped by a home-built Ti:sapphire laser. The wavelength of the pump was adjusted at 806.5 nm by
using a birefringent filter plate and an output power of 750 mW could be generated. The pump beam was focused to
a spot size of around 35 pm in the Nd:CALGO crystal.
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Figure 1. Schematic diagram of the laser cavity. R1=R2=—100 mm, R3=—150 mm. OC: output coupler, HR: highly reflective
mirror. 5% output coupling was used.

3. RESULTS AND DISCUSSION

The laser was initially aligned for free-running operation without the CRE crystal in the cavity and modified R3-OC
separation. The laser was naturally oscillating with two spectral lines at 1078.7 nm and 1079.6 nm (see figure 2). The
maximum output power of 140 mW under 750 mW of pump power could be generated. The polarization state of the
laser output was determined to be horizontal (E//c).
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Figure 2. Spectrum of the free-running laser (i.e. without the CRE element in the cavity). Inset shows intensity profile of the

output laser beam.
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In order to generate CR laser output radiation, the CRE was placed between the focusing mirror R3 and the OC with
increased R3-OC separation (see figure 1). In the next step, the CRE had to be aligned with respect to the propagation
axis of the laser mode. For large misalignment between the optical axis (OA) of the CRE and the axis of the laser
mode, the laser produced a single spot beam with negligible power. By approaching the parallel direction of the CRE
and the axis of the laser mode, the laser output resembled a double refraction mode or a single spot and a crescent
with an increased power. At this stage, fine adjustment of the CRE and the output coupler was required to obtain a
laser beam with a fully resolved CR pattern (see figure 3(a)). The produced beam was imaged with a single lens onto
a CCD camera [13]. The position of the image plane was calculated to be around 3 mm outside of the output coupler.
The evolution of the CR laser radiation in free-space was examined by moving the camera along the axis of
propagation (see figure 3(b)-(d)). Similar to the traditional CR beam, the generated laser beam evolved from the Lloyd
image plane to the Raman spot. The local polarization state along the CR ring was also investigated by using a rotating
polarizer and orthogonal polarization for diametrically opposite point along the ring was confirmed (see figure 3(e)).

Figure 3. The CR laser beam at (a) Lloyd image plane and (b) its free-space evolution (b)-(d) for the vertical orientation of the
Nm-axis of the CRE, (e) the local polarization states along the CR beam.

The wavelength of the produced CR laser is shown in figure 4. DW oscillation at 1078.62 nm and 1080.77 nm was
obtained. It should be noted that the wavelength of the CR laser was sensitive to the alignment of the CRE crystal. At
the same time, the formation of CR beam is generally a function of wavelength of the propagating beam via refractive
index dependence on wavelength [38]. Therefore, it was tried to achieve a resolvable CR ring while maintaining a
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DW nature of the laser by simultaneous alignment of the CRE and OC. Further attempts to equalize the spectral
intensity of the oscillating wavelength resulted in lower resolvability of the CR rings.
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Figure 4. The spectrum of the DW CR laser.

The DW CR laser could deliver up to 121 mW of output power at 750 mW of pump power. This corresponded to 16%
optical-to-optical efficiency. The DW CR laser performance for different pump power was also examined where slope
efficiency of around 17% was obtained (see figure 5).
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Figure 5. Output power of DW CR laser vs. incident pump power.
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4. CONCLUSIONS

Dual-wavelength operation of a CR laser based on broadband laser host (Nd:CALGO) and an intracavity
conerefringent crystal was demonstrated. The laser delivered fully resolved CR beam with more than 100 mW of
power at 1078.6 nm and 1080.8 nm. The generated CR beam exhibited similar propagation evolution from the Lloyd
image plane into the bright Raman spot. Orthogonal polarization states of radially opposite points along the CR ring
were also confirmed. DW nature of the generated laser radiation was due to the use of a broad-bandwidth laser gain
medium. On the other hand, generation of the CR laser radiation with independent CRE enabled us to separate the
laser properties from the CR beam formation. As a future work, it is possible to make the spectral intensity of the
oscillating wavelengths equal and tune the wavelength of the laser by using a birefringent filter plate (BRF) [31,39-
45] or dual-crystal arrangement [46]. BRFs exhibit wavelength-dependent transmission loss that can enable one to
impose higher loss on spectral regions where there is high level of gain. By exploiting this feature, the oscillating
wavelength with higher spectral intensity can be further suppressed so that DW components with equal intensities can
be generated. In a similar fashion, the wavelength of the CR laser radiation can be also tuned over the available gain
bandwidth of laser materials [47-51].
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