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We report on the generation of ultrafast vortex beams in 
the deep ultraviolet (DUV) wavelength range at 266 nm, 
for the first time to the best of our knowledge. Using an 
Yb-fiber-based green source in combination with two 
spiral phase plates of order 1 and 2, we were able to 
generate picosecond Laguerre-Gaussian (LG) beams at 
532 nm.  Subsequently, these LG beams were frequency 
doubled by single-pass second harmonic generation 
(SHG) in a 10-mm-long BBO crystal to generate ultrafast 
vortex beams at 266 nm with vortex order as high as 12, 
providing up to 383 mW of DUV power at a single-pass 
green-to-DUV conversion efficiency of 5.2%. The 
generated picosecond UV vortex beam has a spectral 
width of 1.02 nm with a passive power stability better 
than 1.2% rms over >1.5 h. 

OCIS codes: (190.2620) Harmonic generation and mixing; (190.7220) 
Upconversion; (140.7090) Ultrafast lasers; (190.4400) Nonlinear optics, 
materials. (140.3610)  Lasers, ultraviolet; (050.4865) Optical vortices 
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Optical vortex beams are spatially structured beams with a helical 
wave front. As vortex beams have a phase singularity, they have a 
doughnut shaped spatial profile with zero intensity at the center. Such 
beams are characterized by a topological charge (order), or winding 
number, and found to carry orbital angular momentum (OAM) of lℏ 
per photon [1]. Due to the doughnut spatial structure, and also the 
association of OAM, optical vortices are of interest for a variety of 
scientific, industrial, and medical applications [2,3]. However, many 
such applications require vortex beams in the blue, ultraviolet (UV) 
and deep ultraviolet (DUV) wavelength regions. For example, optical 
vortices at shorter wavelengths improve the resolution in 
spectroscopy [4], enabling multilateral increase in resolution below the 
diffraction barrier in fluorescence microscopy [5-7]. Similarly, optical 
vortices in the blue-UV wavelength range [8] are essential in the field of 
quantum optics for entanglement in OAM states of photons [3].  
Conventionally, generation of optical vortices relies on the phase 
modulation of a Gaussian beam using spatial light modulators (SLMs) 
[9] and spiral phase plates (SPPs) [10]. Unfortunately, the low damage 
threshold of the liquid-crystal-based SLMs has restricted their use for 
wavelength above 400 nm. Additionally, SLMs are only useful at low 
optical powers. On the other hand, while SPPs can handle high laser 

powers, practical limitations in the fabrication technology have 
restricted their use to wavelength regions in the near-UV and below. 
Alternative techniques such as forked-shaped diffraction gratings [11] 
and mode converters [12] also suffer from common drawback of low 
output power, high losses and system complexity especially in the DUV 
wavelength range. Therefore, it is imperative to devise an alternative 
approach to the generation of high-power and high-order optical 
vortices in the DUV wavelength range. 

Traditionally, DUV wavelengths are accessed through nonlinear 
frequency conversion techniques such as second-harmonic generation 
(SHG) and fourth-harmonic generation (FHG) of visible and near-IR 
laser sources. Therefore, nonlinear frequency conversion of optical 
vortices in the visible and near-IR wavelength regions can be the most 
direct route to the generation of optical vortices in the DUV. As the 
efficiency of the nonlinear process for a given laser is critically 
dependent on different crystal parameters, such as effective nonlinear 
coefficient, spatial walk-off and phase-matching properties, the ability 
to generate high-power optical vortices in the DUV depends on the 
choice of a suitable nonlinear crystal. In this context, it is important to 
note that, out of all the prominent nonlinear crystals, β-BaB2O4 (BBO) 
possess the highest nonlinear coefficient (deff~1.75 pm/V) together 
with a short transmission cut-off extending down to 180 nm, making it 
the most viable candidate for vortex beam generation in the DUV [13]. 
Efforts have been made to generate nanosecond DUV vortex [14]. 

Here we report the first experimental demonstration of ultrafast 
optical vortex beam generation in the DUV. By deploying a two-stage 
SHG process with a picosecond Yb-fiber laser at 1064 nm in Gaussian 
beam profile as the fundamental pump source, we have generated 
vortex beams of order as high as 12 in DUV at 266 nm. In the first stage, 
the fundamental laser is frequency-doubled to 532 nm in a 30-mm-
long LBO crystal. The green beam in Gaussian profile is then embedded 
with the azimuthal phase using SPPs, and subsequently frequency-
doubled in a 10-mm-long BBO crystal to generate vortex beams at 266 
nm with order as high as 12. The generated DUV vortex is measured to 
have an average power of up to 383 mW centered at 266 nm with a 
spectral spread of 1.02 nm in the lowest order. To the best of our 
knowledge, this is the first report on the generation of high-order 
vortex beams in the DUV wavelength range.  

The schematic of the experimental setup for DUV vortex beam 
generation is shown in Fig. 1. A picosecond Yb-fiber laser (Fianium, 
FP1060-20), providing up to 20 W of average power in 20 ps pulses at 
78 MHz repetition rate, is used as the fundamental pump source. The 
output has a spectral bandwidth of 1.4 nm centered at 1064 nm. The 
laser is operated at full power to maintain optimum output 
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characteristics and a combination of a half-wave plate (λ/2) and a 
polarizing beam-splitter cube (PBS) is used to adjust the power. A 30-
mm-long LBO crystal (C1) with a 3x4 mm2 aperture is used for SHG of 
the fundamental beam to 532 nm. The SHG stage is similar to that 
described previously in [15]. Using a focusing parameter of ξ∼2.74 
[15], corresponding to a measured beam radius of wF~34 µm, we 
generate an average power of 8 W at 532 nm at ~40% conversion 
efficiency. The generated green beam is collimated using a lens (L2) of 
focal length, f=100 mm. A dichroic mirror (S1) separates the green 
beam from the input fundamental. Using two spiral phase plates, SPP1 
and SPP2 with phase winding l and 2, respectively at 532 nm, one can 
in principle generate optical vortices of order up to l=3. However, using 
two such SPPs and a vortex doubler setup consisting of a polarizing 
beam-splitter cube (PBS2), a quarter-wave plate (λ/4), a plane mirror 
(M) with high reflectivity (R>99%) at 532 nm, we can generate green 
vortices of order up to l=6.  The operating principle of the vortex 
doubler can be found elsewhere [10]. Lenses (L3) of different focal 
lengths, f= 500, 300, 200, 175, 100, and 75 mm, focus the green vortex 
beam into a 10-mm-long BBO crystal (C2) with 4x5 mm2 aperture cut 
at θ=47.5o (φ=90o) for type-I (o+o→e) SHG into the DUV. A half-wave-
plate (λ/2) at 532 nm is used to control the polarization of the input 
beam with respect to the crystal for optimum phase-matching. A 
dichroic mirror (S2) is used to extract the DUV radiation from the 
unconverted green beam.   

Fig. 1.  Schematics of the experimental setup for DUV vortex beam 
generation. λ/2: half-wave-plate; PBS: polarizing beam splitter cube; 
SPP1,2: spiral phase plates; λ/4: quarter-wave-plate; M: mirrors; C1-2: 
Nonlinear crystals; S1-2: Dichroic mirrors; PM: Power meter.  

To verify the generation of optical vortices at 266 nm, we recorded 
the intensity distribution of both green and DUV beams using a CCD 
camera, with the results shown in Fig. 2. The first column (a)-(c) in Fig. 
2 shows the intensity pattern of the green vortices of order l=1, 3 and 6, 
respectively. However, to further confirm the order of the vortices, we 
recorded the interference pattern of the vortices with the Gaussian 
beam, resulting in the characteristic fork fringes, as shown in the 
second column (d)-(f) in Fig. 2. The interference patterns confirm the 
order of the green vortices to be l=1, 3 and 6, respectively. As the size of 
the dark core of the vortices (region with little or no light) increases 
with its order, we observe faint fringes at the center of the higher-order 
vortices. Although the green source can produce an average output 
power as high as 8 W, the inclusion of vortex double setup and SPPs 
reduces the overall green power for DUV generation. To determine the 
origin of such losses, we systematically examined the contribution of 
all components in the doubler setup. Due to antireflection coating of all 

components, the overall reflection loss of the setup is negligibly small. 
However, when the SPPs are placed inside the vortex doubler, we find 
a substantial reduction in the output power of the green vortex beam. 
To put this in perspective, for an input green beam power of ~7 W, the 
vortex doubler containing the two SPPs produces a power of ~6 W in 
the green vortex beam of order l=6, which corresponds to ~14% loss. 
A careful observation reveals that, in addition to the phase modulation, 
the SPPs also modulate the polarization of the input beam. We 
attribute this depolarization effect to the manufacturing defect in the 
SPPs. The third column, (g)-(i), of Fig. 2 shows the intensity distribution 
of the DUV beams generated from the green vortices of order, l=1, 3 
and 6, respectively while focusing using a lens of focal length f=175 cm. 
Unlike green vortices generated using SPPs or through nonlinear 
interaction [10], here the nonlinear generation of DUV vortices results 
in asymmetric intensity distribution. Further, the vortex quality 
deteriorates with order. Such asymmetry is attributed to high spatial 
walk-off (ρ~85.33 mrad) and long interaction length (10-mm) of the 
BBO crystal. Therefore, one can, in principle, improve the vortex 
quality by walk-off compensation scheme [14] and also reducing walk-
off effect through loose focusing. However, this is at the cost of low 
vortex power, given that the parametric gain for vortices is lower than 
that of Gaussian beams, and is further reduced with increase in vortex 
order. Due to unavailability of suitable reference beam at 266 nm, we 
were not able to record the characteristic fork interference pattern of 
the DUV vortices. As an alternative, we used the tilted lens technique 
[10], where the vortex beam passing through the titled lens splits into 
bright lobes. The number of bright lobes for vortex of order l is equal to 
|l|+1. The fourth column, (j)-(l), of Fig. 2 shows the lobe structure of the 
DUV vortex after passage through the tilted lens. Counting the number 
of bright lobes in Fig. 2(j)-(l), we can confirm the order of the DUV 
vortices to be 2, 6 and 12, respectively, twice the order of the green 
vortices, owing to the conservation of OAM in the nonlinear process 
[10].  Fig. 2(m) shows the magnified image of Fig. 2(l). 

Fig. 2. The intensity profile of the green vortex beam and DUV. (a-c) 
Vortex beam of order 1, 3 and 6 generated using SPPs. (d-f) 
Corresponding interference patterns showing the ‘fork’ pattern. (g-i) 
Intensity profile of the generated UV vortex beam of order 2, 6 and 12. 
(j-l) Corresponding images obtained after passage through the tilted 
lens, showing |lsh|+1 lobes. 
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After confirmation of optical vortices in the DUV, we studied the 
variation of DUV vortex power as a function vortex order of the green 
beam, with the results shown in Fig. 3. Focusing the green beam with a 
constant power of ~4.7 W at the center of the BBO crystal using a lens 
of focal length, f= 175 mm, we recorded the DUV power while changing 
vortex order of the green beam from l= 0 (Gaussian beam) to l= 6. As 
evident from Fig. 3, the DUV vortex power falls steeply with the 
increase of vortex order of the green beam from the maximum DUV 
power of 600 mW available for Gaussian spatial distribution (l= 0). In a 
recent report [10], we attributed the decrease in the second-harmonic 
(SH) vortex power with the increase in order of the fundamental 
vortex to the increase of vortex area with the order. To verify this 
finding, and also gain further insight into the decrease of DUV power 
with vortex order, we measured the intensity profile of the green 
vortices of orders l=1 to 6 at the focus of the lens, L3. From these 
intensity profiles, we calculated the area of the green vortices at the 
center of the crystal, with the results shown in inset of Fig. 3. As 
expected, the area of the vortex beam increases linearly with the order. 
Therefore, for a constant power, the intensity of the green beam 
driving the SHG process decreases with the increase in vortex order, 
thus decreasing the DUV power with vortex order. To justify this 
observation, we further fitted the experimental data of DUV power 
(purple dots) in Fig. 3 with the reciprocal of the vortex area (red dots) 
for different orders. As the order vortices used in the current 
manuscript have integer values, the measureable area of such vortices 
is discrete. Therefore, we used solid circles (red dots) as fit to the 
experimental data and solid lines as guide to the eye in Fig. 3. As 
evident, for all orders, the DUV power exactly matches the reciprocal 
area of the corresponding green vortices.  

Fig. 3. Variation of DUV power with order of input green vortex beam. 
(Inset) Area as a function of vortex order. Solid lines: guide to the eye. 

Given that the area of the vortex beam increases with its order, one can 
in principle consider using tighter focusing with increasing order to 
generate higher DUV power. However, such an approach does not 
necessarily lead to higher power because the divergence of the vortex 
beam increases with both vortex order and tighter focusing, reducing 
the effective interaction length of the nonlinear crystal.  The divergence 
of a vortex beam of wavelength λ is given by dl=wo rl /ZR= λ rl /πwo [16], 

where dl  and  rl are the divergence and inner or outer radius of the 
vortex of order, l, respectively. wo=2f/kwg [8] is the Gaussian beam 
waist at the focus of the lens of focal length, f, where wg is the waist 
radius of the Gaussian beam confining the vortices, with k and ZR  the 
wave vector and Rayleigh range, respectively. Hence, for given crystal 
and laser parameters, it is expected that vortices of all orders will have 
an optimum focusing condition generating the highest SH power. To 
verify the dependence of DUV power on focusing for different vortex 
orders, we measured the DUV power while focusing the green beam of 
different orders using different lenses, with the results shown in Fig. 4. 
Maintaining a constant green power (~6.8 W), we focused the green 

vortices of order l=1, 2 and 3 using five lenses of focal lengths, f=500, 
300, 200, 175, 100, and 75 mm into the BBO crystal. As evident from 
Fig. 4, under loose focusing (f=500 mm), the DUV vortex powers are 
measured to be 125, 24, 7 mW for input vortex of orders, l=1, 2 and 3, 
respectively, and increase with tighter focusing. In case of green vortex 
of order l=1, the DUV power varies from 125 mW to 260 mW with 
tighter focusing using lenses of f=500 mm to 75 mm, with a maximum 
DUV power of 307 mW for f=175 mm. With similar variation in the 
focal length of the lenses, the DUV power for green vortex of orders l=2 
and 3 varies up to 156 mW and 78 mW, respectively, with maximum 
power of 170 mW and 87 mW for f=100 mm lens. The drop in the 
maximum DUV power with the order of the green vortex of constant 
power also confirms the increase in vortex area with order. As a result, 
the optimum focusing is achieved using lenses of shorter focal length 
for vortices of higher order. To compare the focusing dependent DUV 
power achieved with optical vortices to that with a Gaussian beam, we 
have reproduced the results of Ref. [15] in the inset of Fig. 4. As evident, 
vortex beams of all orders have similar focusing dependent DUV 
power to that of the Gaussian beam. Thus, for a given length of the 
nonlinear crystal, one can expect an optimum focusing condition for 
different structured beams.  

 

 

 

 

 

 

 

Fig. 4. Dependence of DUV vortex power for green vortex of order l=1, 
2 and 3 on the focal length of the lens. (Inset) Gaussian DUV power 
variation as a function of focal length of the lens.  

 

 

 

 

 

 

 

 

Fig. 5. Variation of DUV power as a function of green vortex (l=1) 
power. (Inset) Dependence of DUV power on the square of input green 
power. Solid lines: guide to the eye.  

Having established the optimum focusing condition, we studied the 
power scaling properties of the DUV source by focusing the green 
vortex of order l=1 to its optimum size at the center of the BBO crystal 
with a lens of focal length, f=175 mm, and measuring the DUV power 
and single-pass green-to-DUV conversion efficiency as a function of the 
green vortex power. The results are shown in Fig. 5. As evident, the 
DUV power increases quadratically while efficiency rises linearly with 
the green vortex power, resulting in a maximum DUV power of 383 
mW for 7.39 W of input power, at a single-pass green-to-DUV efficiency 
of 5.2%. To confirm the quadratic dependence of DUV power on input 
power, we plotted the DUV power against the square of the green 
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power, as shown in the inset of Fig. 5. As expected, the DUV power 
increases linearly with the square of green power without any sign of 
saturation or roll-off, clearly implying the possibility of further 
enhancement in DUV power and efficiency with higher green power. 

We also studied the dependence of angular acceptance bandwidth 
of the BBO crystal on the vortex order for single-pass DUV vortex 
generation. The results are shown in Fig. 6. Using a lens of focal length, 
f=175 mm, at a constant green power of 1.2 W, we measured the DUV 
power while performing angular interrogation of the crystal in the 
phase-match plane with θ=47.5o, φ=90o as normal incidence. Since the 
crystal was cut for phase-matching at normal incidence, for a Gaussian 
fundamental beam (l=0), maximum SH power is obtained at normal 
incidence with characteristic sinc2 power variation with crystal tilt. In 
contrast, the vortex beams of all orders have a dip in SH power under 
phase-matching at normal incidence. The SH power initially increases 
with the tilt of the crystal away from normal  incidence, but decreases 
with further rotation of the crystal, resulting a double-peaked 
distribution. The width of the central dip increases with the order of 
the fundamental vortex and the generated vortex power variation 
become more symmetric with crystal tilt (see Fig. 6). To understand 
this effect, we systematically recorded the intensity profiles of the DUV 
vortex beam of all orders with the crystal rotation. In all cases, for exact 
phase-matching, the generated vortex beam exhibits symmetric 
intensity profile, but tilting the crystal increases asymmetry with 
higher intensity in the tilt direction. At the crystal angle corresponding 
to maximum DUV power, the vortex loses its characteristic doughnut 
profile, resulting in an arc-shaped structure with high intensity in the 
tilt direction. Reversing the tilt direction also reverses the position of 
the high intensity arc. These observations can be explained as follows. 
Unlike Gaussian beams with maximum intensity at the center, the 
intensity of the doughnut-shaped vortex beam is maximum at its 
annular rim. As a result, for a focused vortex, different parts of the 
beam make different angles with the crystal optic axis. In addition, a 
vortex has higher divergence than a Gaussian beam. Therefore, when 
the vortex beam is phase-matched at exact phase-matching angle, all 
parts of the vortex beam make the same angle with the optic axis of the 
crystal, resulting in a symmetric SH vortex beam. However, due to 
beam divergence, part of the intensity ring falls outside the phase-
matching bandwidth of the crystal, resulting in lower DUV power. On 
the other hand, the increase in DUV power and asymmetry in the 
vortex beam can be attributed to the fact that with the crystal tilt away 
from exact phase-matching, one side of the beam (in the tilt direction) 
experiences perfect phase-matching, and hence high conversion 
compared with the other side. However, further increase in the crystal 
tilt results in lower DUV conversion, as the beam goes out of phase-
matching. The asymmetry in the power of the two lobes can be 
attributed to spatial walk-off in the crystal. We recorded the angular 
acceptance bandwidth of the BBO crystal for green vortex beams of 
different orders, with the results shown in the inset of Fig. 6. As evident, 
the angular bandwidth of the 10-mm-long BBO crystal increases with 
the order of the green vortex from 4 mrad for l=0 (Gaussian beam) to 
8.9 mrad for l=3. However, with further increase in vortex order, the 
phase-matching bandwidth remains almost constant. This effect can be 
attributed to the increase in beam divergence with order of the vortex 
beam, as a result of which the effective interaction length of the crystal 
decreases, thus increasing the angular acceptance bandwidth for 
higher orders. Such explanation also supports the decrease of DUV 
power with the order of the green vortices. The present study also 
confirms that the angular acceptance bandwidth depends on the 
spatial structure of the input beam. We finally studied spectral 
characteristics of the generated UV vortex beam and its power stability. 
Using a CCD-based spectrometer (resolution ~0.5 nm), we measured 
the bandwidth of the DUV radiation to be ~1.02 nm centered at 266 

nm. Under free-running conditions, the DUV source exhibits a power 
stability better than 1.2% rms over 1.5 hours.  

 

 

 

 

 

 

 

 

Fig. 6. (Color online) Dependence of angular acceptance of BBO crystal 
for SHG on the order of the input green vortex beam. (Inset) Variation 
of angular acceptance bandwidth with order. Dashed line corresponds 
to perfect phase-matching. 

In conclusion, we have generated vortex beam of order as high as 12 
in the DUV wavelength range with a maximum output power of 383 
mW at a single-pass green to DUV efficiency of 5.2%.  For a given laser 
and crystal parameters, the optical vortices of different orders have 
different optimum focusing conditions for maximum DUV generation. 
We also experimentally observed the influence of the spatial structure 
of the fundamental beam on the angular phase-matching bandwidth of 
the nonlinear crystal.  
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