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Controlled switching of orbital angular momentum (OAM) of light at practical powers over arbitrary wavelength
regions can have important implications for future quantum and classical systems. Here we report on a single source
of OAM beams based on an optical parametric oscillator (OPO) that can provide all such capabilities. We demonstrate
active transfer of OAM modes of any order, jl p j, of pump to the signal and idler in an OPO, to produce jl p j1
different OAM states by controlling the relative cavity losses of the resonated beams. As a proof-of-principle, we show
that when pumping with the OAM states jl p j  1 and jl p j  2 for different relative losses of signal and idler, the OPO
has two (j1;0i and j0;1i) and three (j2;0i, j1;1i, and j0;2i) output states, respectively. Our findings show that using a
suitable loss modulator, one can achieve rapid switching of the OAM mode in OPO output beams in time. © 2017
Optical Society of America
OCIS codes: (190.4970) Parametric oscillators and amplifiers; (190.4223) Nonlinear wave mixing; (190.4410) Nonlinear optics, parametric
processes; (260.6042) Singular optics; (050.4865) Optical vortices; (190.4360) Nonlinear optics, devices.
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1. INTRODUCTION
Like polarization and wavelength, orbital angular momentum
(OAM) of light provides an additional degree of freedom, which
could be of great benefit for many applications from quantum
mechanics to optical communication. Optical vortex beams with
a doughnut intensity distribution, due to phase singularities (dislocations) in the wavefront, carry OAM. The characteristic phase
distribution of optical vortices is given by expil θ, where θ is
the azimuthal angle and the integer, l , known as topological
charge or vortex order, indicates the OAM carried by each photon
in the beam. The sign  of l is the direction of rotation of the
helical wavefront along the propagation direction. Since the discovery of OAM in optical vortices [1], such beams have found
applications in micro-manipulation [2,3], high-resolution lithography [4,5], microscopy [6,7], interferometry [8,9], and classical
and quantum communications [10,11]. However, to exploit the
extra degree of freedom provided by OAM for new intriguing
applications in classical and quantum communications, it is essential to further develop novel systems that can rapidly control and
switch the OAM modes of light at arbitrary wavelengths. We
show that such a unique capability can be provided by an optical
parametric oscillator (OPO).
Typically, OAM beams are generated through spatial phase
modulation of Gaussian beams using spiral phase plates (SPPs)
[12,13], spatial light modulators (SLM) [14], Q-plates [15], or
cylindrical lens mode convertors [16]. However, due to intrinsic
2334-2536/17/030349-07 Journal © 2017 Optical Society of America

limitations, none of the existing techniques can provide high
power in higher-order vortex beams or at arbitrary wavelengths.
For example, SPPs can be used for high-power operation, but
material dispersion and limitations in fabrication technology limit
their utility to discrete wavelengths and lower vortex orders.
Similarly, SLMs and Q-plates produce vortices over wider wavelength regions, but a low damage threshold restricts their use to
low powers. Cylindrical mode converters can provide high power
and wide spectral coverage, but the generation of higher-order
vortices is limited by the difficult requirement of higher-order
Hermite–Gaussian modes as inputs [16]. Based on OAM conservation in nonlinear interactions, frequency conversion experiments have recently generated high-power and higher-order
optical vortices at new but discrete wavelengths [13,17,18].
OPOs are recognized as versatile sources of coherent radiation
providing high power and broad wavelength coverage from a single device, in all time-scales from continuous-wave (cw) to the
femtosecond domain [19–21]. Therefore, direct generation and
control of OAM modes in an OPO can offer an intriguing route
to provide high-power OAM beams at arbitrary wavelengths.
Previous efforts [22–25] have confirmed the possibility of generating OAM beams from OPOs, where it was shown that the
transfer of OAM from the pump to the output beams was dictated by cavity detuning and anisotropic cavity mode propagation
due to crystal birefringence [25]. Therefore, without active control, the transfer of OAM from the pump is constrained to only
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one of the output beams. To realize active control and transfer of
the OAM in an OPO, it is thus essential to understand the
mechanism of OAM exchange among the interacting beams in
such a system.
Here we report the first demonstration of an OPO with active
control of OAM, producing cw radiation with OAM modes
across 949.5–1209.7 nm. Unlike pulsed OPOs, the generation
of OAM beams using cw OPOs is challenging due to low parametric gain and high threshold sensitivity to cavity losses. Hence,
to induce coherent amplification of oscillating OAM modes, it is
imperative to maintain high gain and low cavity losses in the
OPO. To this end, we deploy a doubly-resonant oscillator
(DRO) and a quasi-phase-matched (QPM) nonlinear crystal to
achieve high gain and avoid anisotropy effects due to birefringence [25]. We theoretically predict and experimentally verify
that the relative cavity losses for the resonated signal and idler
determine the transfer of pump OAM to one or the other beam.
Therefore, by controlling cavity losses, one can selectively switch
the OAM state of the pump to either signal or idler. As such,
owing to the parity of the resonator in presence of isotropic propagation in the QPM crystal, one can generate jl p j1 OAM state
combinations in the OPO output using a single pump OAM
state, jl p i. As a proof-of-principle, pumping the OPO with
OAM states jl p j  1 and jl p j  2 and controlling the relative
signal and idler cavity losses, we generate the output states
(j1; 0i and j0; 1i) and (j2; 0i and j1; 1i), respectively. For
3.2 W of green pump power with l p  1, the output in one
of the OAM states varies from 77 to 125 mW for signal (idler)
from 1060.37 nm (1067.7 nm) to 949.62 nm (1209.7 nm), with
total power of 240 mW at 965.3 nm (1185 nm).
2. THEORETICAL BACKGROUND
To understand the OAM transfer mechanism, we evaluate the
spatial overlap integral of the pump, signal, and idler in a
nonlinear medium, given by
Z
 Z


  2π

expil p − l s − l i φdφ; (1)
Λl p ;l s ;l i ∝  E p E s E i ds  ∝ 

350

one needs to solve dynamic equations [25,26] of the OPO under
different experimental conditions. For simplicity, we consider the
DRO pumped with OAM mode, l p  1, resulting in two operating conditions. In Case-I, pump OAM is transferred to signal,
and the idler oscillates in fundamental transverse mode, resulting
in the output OAM state, j1; 0i. In Case-II, the signal oscillates in
fundamental transverse mode, and the pump OAM is transferred
to the idler, resulting in the output OAM state j0; 1i. Using similar mathematical treatment as in Refs. [25,26], we find that in the
steady state, the parametric oscillation thresholds for the DRO in
Case-I and Case-II are, respectively, given by
γ̃
x 2in  s ;
(2)
η
and
γ̃
(3)
x 2in  i :
η
All variables in Eqs. (2) and (3) are defined as follows [26], after
normalization with respect to cavity round trip time, τ:
x in  χΛl p ;l s ;l i τ2 E in ;
γ̃ s  γ s τ; γ̃ i  γ i τ;
η  ηl p ;l s ;l i 

Λl p ;l s ;l i
Λ0;0;0

:

(4)

Here, E in is the input electric field, χ is the nonlinear coupling
constant, γ s and γ i are cavity losses for the signal and idler, respectively, and Λ0;0;0 is the spatial overlap integral for the pump,
signal, and idler in the Gaussian profile. From Eqs. (2) and
(3), it is evident that in isotropic propagation (QPM crystal), excitation of the cavity modes for the oscillating signal and idler
beams in the DRO are governed by the losses. If the signal loss,
γ s , is lower (higher) than the idler loss, γ i , the DRO cavity will
support oscillation of the signal (idler) in the vortex (Gaussian)
mode, carrying the OAM. Therefore, by switching the cavity
losses for signal and idler, one can selectively transfer the
OAM mode of the pump to signal or idler.

0

where E p , E s , and E i are electric fields and l p , l s , and l i are OAM
modes of the interacting beams. The subscripts p, s, and i refer to
pump, signal, and idler, respectively. From Eq. (1), it is evident
that the overlap integral, Λl p ;l s ;l i , has maximum value for
l p  l s  l i . Hence, for a fixed pump mode, the signal and idler
can have all possible combinations of transverse modes, but cavity
parity restricts the number of oscillating transverse modes for a
given longitudinal mode [25]. In our experiment, the QPM crystal enables isotropic propagation of cavity modes in the gain
medium. Thus, for the pump modes l p  1 and l p  2, having
odd and even parity, respectively, the oscillating signal and idler
modes should have opposite and the same parity, respectively, to
have a non-zero overlap integral. Hence, for l p  1, if the signal
carries the OAM mode l s  1, then the idler will have l i  0
(Gaussian mode), and vice versa, resulting in two equally probable
output OAM states, jl s ; l i i  j1; 0i and j0; 1i, with an estimated
normalized overlap integral ηl p ;l s ;l i  η1;1;0  η1;0;1 ∼ 0.7.
Similarly, for l p  2, there are three equally probable output
OAM states given by jl s ; l i i  j1; 1i, j2; 0i, and j0; 2i, with estimated normalized overlap integral ηl p ;l s ;l i  η2;1;1 ∼0.7 and
ηl p ;l s ;l i  η2;2;0  η2;0;2 ∼0.5, respectively. However, for selective
excitation of a specific pair of signal and idler OAM modes,

3. EXPERIMENT
The schematic of the experimental setup for vortex-pumped
OPO is shown in Fig. 1(a). A 50 W, cw Yb-fiber laser [27]
(IPG Photonics, YLR-50-1064) delivering single-frequency radiation at 1064 nm in a linearly polarized beam with a Gaussian
spatial profile (M 2 < 1.07) is used as the fundamental pump
source. The laser is frequency-doubled to 532 nm in the green
using a 30-mm-long MgO-doped stoichiometric LiTaO3
(MgO:sPPLT) crystal (C1) with a 1 mm × 1 mm aperture that
contains a single grating period (Λ  7.97 μm) [28] to provide
the pump radiation for the OPO. A lens, L1, of focal length,
f  100 mm, is used to focus the fundamental at the center
of the MgO:sPPLT crystal (C1) to a beam waist radius of
∼42 μm, corresponding to the focusing parameter, ξ ∼ 2.88,
for optimum SHG efficiency. The green source has similar performance in terms of output power, beam profile, and power stability to our previous report [29]. A wavelength separator, S1,
extracts the green radiation from the fundamental. Because doubly-resonant OPOs have low thresholds, we limited the fundamental power to 25 W, generating 5.6 W of green radiation
at 532 nm in a Gaussian beam profile (M 2 < 1.02) with power
stability of 2.2% rms over 4 h. The green beam in Gaussian
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OPO operation. In the present study, we used two different DRO
configurations. First, a four-mirror ring cavity (not shown in the
current paper) was used, where both signal and idler oscillate
along the same path in the cavity. Such a configuration was used
to achieve low cavity losses and the lowest DRO threshold.
However, to control feedback losses at the signal and idler separately, for selective transfer of pump OAM to either beam, we
later configured a five-mirror standing-wave cavity [see Fig. 1(a)]
with a wavelength separator, S2, (high reflectivity at signal; high
transmission at idler) to resonate the signal and idler along two
different paths. In both configurations, we used two plano-concave mirrors (M1–M2) with a radius of curvature r  150 mm,
and two (M3–M4) and three (M3–M5) plane mirrors in ring and
standing-wave cavities, respectively. All mirrors have high transmission (T > 90%) at the pump wavelength (532 nm) and high
reflectivity (R > 95%) across the signal and idler wavelength
range (950–1200 nm), ensuring DRO operation. Both nonlinear
crystals, C1 and C2, are housed in an oven, which can be adjusted
up to 200°C with a temperature stability of 0.1°C. The total
optical length of the ring and standing-wave cavity are 592
and 952 mm, respectively.
4. RESULTS AND DISCUSSION

Fig. 1. OAM-mode-pumped doubly-resonant OPO. (a) Schematic of
the experimental setup. The 50 W cw Yb-fiber laser. λ∕2, half-wave
plates; PBS, polarizing beam splitter cube; L1–L3, lenses; SPP, spiral
phase plate; C1–C2, nonlinear crystals for frequency doubling and DRO
operation, respectively. S1–S2, wavelength separators; M, folding mirrors
at green wavelength; M1–M5, DRO mirrors; and OC, output coupler.
(b) Intensity profile of pump, signal, and idler beams for pump OAM
mode l p  0 (first column) and l p  1 (third column). Corresponding
interference patterns in second and third columns.

spatial profile is collimated using a lens, L2, of focal length,
f  200 mm. The conventional power attenuator [27], comprised of a polarizing beam splitter (PBS) and a half-wave plate
(λ∕2), controls the green power to the OPO. However, for perfect
phase-matching, the polarization of the input beam is further adjusted using a second λ∕2 plate depending upon the orientation of
the nonlinear crystal. A SPP is an optical element with a helically
varying optical path length, which is used to convert the Gaussian
pump beam into an optical vortex. The thickness of the element is
engineered to have an azimuthal phase distribution from 0 to 2πl.
Using the SPP [30] of phase winding number l  1 and 2, the
Gaussian green pump beam is converted into an optical vortex
beam of orders l p  1 and 2, respectively, at >95% efficiency.
A lens, L3, of focal length, f  150 mm, is used to focus green
beam of orders l p  0, 1, and 2, at the center of the nonlinear
crystal. Here, l p  0 signifies the Gaussian beam. A 30-mm-long
MgO:sPPLT [28] crystal (C2) with a 2 mm × 1 mm aperture
containing a single grating period (Λ  7.97 μm) is used for

To study exchange of OAM among interacting photons, we
operated the DRO in a ring cavity at a signal (idler) wavelength
of 1000 nm (1137 nm), away from degeneracy. Pumping the
OPO with ∼3.2 W of the green beam with two different vortex
orders l p  0 and l p  1 separately, we recorded the intensity
profiles of pump, signal, and idler, with the results shown in
Fig. 1(b). As evident from first column of Fig. 1(b), for the pump
beam of vortex order l p  0 both signal and idler beams have
similar intensity profiles to pump. For further confirmation,
we performed interference experiments by self-interfering the
pump, signal, and idler in a Mach–Zehnder interferometer
and recorded the respective interference patterns, with the results
shown in second column of Fig. 1(b). From the straight-line interference fringes, it is evident that none of the beams carry any
phase singularity. As expected, for pump beam of vortex order,
l p  0 (Gaussian), both signal and idler also have Gaussian intensity distribution (l p  0). However, for pump beam of vortex
order, l p  1, the signal and idler beams have doughnut and
Gaussian intensity profiles, respectively [see third column of
Fig. 1(b)]. To confirm the vortex order (OAM mode) of the
beams, we once again performed self-inference experiments in
a Mach–Zehnder interferometer and obtained the patterns shown
in fourth column of Fig. 1(b). The fork pattern, as marked with
red circles in the interferogram of pump and signal, confirms that
both beams carry OAM, characteristic of optical vortex. The order of the pump and signal vortices are l p  1 and l s  1, respectively. Alternatively, the straight-line interference pattern for the
idler confirms no phase singularity or OAM mode, with l i  0.
From this study, it is evident that the vortex order of the pump
(l p ) is equal to the sum of the vortex orders of the generated signal
(l s ) and idler (l i ) beams, confirming the conservation of OAM in
an OPO. However, it is interesting to note that the OAM of the
pump is only transferred to the signal and not to the idler radiation, resulting in an output OAM state, jl s ; l i i  j1; 0i,
although both j1; 0i and j0; 1i are equally probable output states
of the OPO. Unlike previous reports [23–25], the use of QPM
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Fig. 2. Controlled switching of OAM mode of pump to the generated beams in an OPO. Variation of feedback losses for signal and idler across the
tuning range of the OPO. (a) Signal loss lower than idler loss (Case-I). (d) Signal loss higher than idler loss (Case-II). Intensity distribution (first row) and
self-interference pattern (second row) of (b) the signal beam, and (c) corresponding idler beam across the tuning range of the DRO for Case-I. Similarly,
the intensity distribution (first row) and self-interference pattern (second row) of (e) the signal beam, and (f) corresponding idler beam across the tuning
range of the DRO for Case-II.

crystal here eliminates the role of anisotropy due to birefringence
in transferring OAM to the signal radiation.
According to Eqs. (2) and (3), the OAM transfer mechanism
in a DRO with a QPM crystal (isotropic mode propagation) is
determined by the losses of the resonated beams. To control
the respective losses, we operated the DRO in a standing-wave
cavity [see Fig. 1(a)] with the signal and idler oscillating along
two different paths formed by the separator, S2. The resonating
signal and idler share the same cavity, except mirrors, M4 and M5,
enabling independent control of signal and idler feedback, respectively. With all cavity mirrors, including M4 and M5, highly reflecting, the signal loss was lower than idler loss (γ s < γ i ) across
the full DRO tuning range [see Fig. 2(a)], corresponding to
Case-I. However, by controlling the signal output coupling

through M4, we could achieve a lower loss at the idler than signal
(γ i < γ s ) across nearly the full DRO tuning range [see Fig. 2(d)],
corresponding to Case-II. When pumping the DRO with vortex
beam of order l p  1 in Case-I, the signal beam, tunable across
965–1024 nm, has a doughnut-shaped intensity distribution [see
first row of Fig. 2(b)], carrying the OAM mode of order l s  1.
This is further confirmed by the characteristic fork interference
pattern (see red circles), as shown in second row of Fig. 2(b),
obtained by self-interference of the beam in a Mach–Zehnder
interferometer. The corresponding idler beam, tunable across
1185–1107 nm, has Gaussian intensity distribution, l i  0
[see first row of Fig. 2(c)], also confirmed by the straight-line
interference patterns, as shown in second row of Fig. 2(c).
The resultant output state of the DRO is thus jl s ; l i i  j1; 0i.

Research Article
However, when we replace M4 with an output coupler [31],
which, together with the transmission of S2 at <20° angle of
incidence, results in a signal transmission profile as shown in
Fig. 2(d), the signal experiences a higher loss than idler (γ s > γ i )
across nearly the entire DRO tuning range, corresponding to
Case-II. Under this condition, the signal beam adopts a Gaussian
intensity distribution, l s  0 [see first row of Fig. 2(e)], which is
further confirmed by the straight-line interference pattern shown
in second row of Fig. 2(e). Alternatively, the corresponding idler
beam across the tuning range now has a doughnut-shaped intensity profile [see first row of Fig. 2(f )], carrying OAM mode,
l i  1, further confirmed by the characteristic fork interference
pattern (see red circles) shown in second row of Fig. 2(f ). The
resultant output state of the DRO is now jl s ; l i i  j0; 1i. In addition to mirror transmission losses, the overall loss can also be
modulated by reduced amplification using cavity misalignment.
Since the beams with non-integer multiples of OAM per photon
have neither circular symmetry nor propagate in a structurally stable fashion [32], unlike Ref. [24], we do not observe any fractional vortex beam from the DRO. However, when the DRO
is operated near degeneracy, with identical signal and idler losses
[see mirror transmission in Fig. 2(a)], both beams can, in principle, carry the OAM mode of the pump with equal probability.
In addition, due to the relatively high gain at degeneracy and
identical operation threshold for both signal and idler, the OPO
is expected to oscillate in multimode or mixed spatial modes. As a
result, neither beam has a stable OAM mode structure. The DRO
oscillation threshold for the output OAM states, j1; 0i and j0; 1i,
is measured to be 0.77 and 1.56 W, respectively. The higher
threshold for state j0; 1i is attributed to the higher total cavity
loss due to the output coupler. While studying the stability of the
output beams, we observed fluctuation in the intensity profile of
the beams over time. Such intensity fluctuations are attributed to
thermal effects, mechanical vibrations, and the air currents in our
laboratory. However, it is interesting to note that the interference
pattern of both the signal and idler vortex beams show a stable
pattern over time, confirming the stable phase structure of the
output beams.
To further understand the transfer of pump OAM mode to
signal and idler, we operated the DRO in a standing-wave cavity
including mirrors, M4 and M5, at a signal (idler) wavelength of
981 nm (1162 nm). We then pumped the DRO by a vortex beam
of order l p  2 and recorded the intensity profile of signal and
idler, as shown in Fig. 3. Figure 3(a) demonstrates the intensity
profile of the pump beam of order l p  2, as confirmed by the
fork (see red circles) interference pattern. In general, both signal
and idler have doughnut intensity distributions [see first row of
Fig. 3(b)], with OAM modes of l s  1 and l i  1, respectively.
This is also confirmed by the fork (see red circle) interference
pattern [see second row of Fig. 3(b)], resulting in the output
OAM state, jl s ; l i i  j1; 1i. Even with lower cavity loss for signal
than idler [see the mirror transmission in Fig. 2(a)], both beams
oscillate in vortex modes due to higher nonlinear gain arising from
stronger mode coupling, ηl p ;l s ;l i , among the interacting beams for
identical modes [26]. The DRO threshold for the output state,
j1; 1i, is measured to be 1.56 W, even with highly reflecting cavity mirrors. The higher threshold is attributed to the reduction in
parametric gain with the order of pump vortex [17]. Therefore, to
transfer the pump OAM mode to either the signal or idler, the
cavity losses for idler or signal must be increased, respectively.
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Fig. 3. OAM mode sharing among signal and idler beams for pump
OAM mode l p  2. (a) Intensity distribution and interference pattern of
the pump beam with OAM mode l p  2. Intensity distribution and interference pattern of the signal (first row) and corresponding idler (second
row) for signal and idler feedback losses satisfying (b) γ s ≤ γ i and
(c) γ s ≪ γ i .

However, with vortex pump beam of order l p  2 operation
of the DRO could not be achieved due to the unavailability of
appropriate output coupler with the signal transmission in place
of M4. Since the operation of OPO is highly influenced by nonlinear gain and cavity losses, change in any of these two parameters can change the OAM transfer mechanism in the OPO. For
fixed laser power and crystal parameters, the nonlinear gain and
the cavity loss can be varied through the spatial overlapping of the
interacting beams through cavity misalignment and the transmission of the cavity mirrors, respectively. Therefore, we used the
same cavity configuration, but slightly offset the alignment of
mirror, M5 [see Fig. 1(a)], to transfer the OAM mode of the
pump to the signal, and then recorded the intensity profile of
signal and idler. The results are shown in first column of
Fig. 3(c), where the signal (idler) beam has a doughnut
(Gaussian) intensity distribution, carrying OAM mode of
l s  2l i  0, as was also confirmed by the characteristic fork
(straight-line) interference pattern shown in the second column of
Fig. 3(c), resulting in the output OAM state j2; 0i. However, we
note that due to the asymmetry caused by the cavity misalignment
and instability of higher-order vortices [17], the signal beam
Table 1. Controlled OAM Mode Switching in a DoublyResonant OPO
OAM

Output OAM State

Control Relative Lossa Pump jl p i jl s i jl i i

jl s ;l i i

γs
γs
γs
γs
γs

j1; 0i
j0; 1i
j1; 1i
j2; 0i
j0; 2i

< γi
> γi
≤ γi
≪ γi
≫ γi

1
1
2
2
2

1
0
1
2
0

0
1
1
0
2

a
Loss of signal γ̃ s  and idler γ̃ i  are controlled by changing the cavity mirrors
with different transmission and also by cavity misalignment.
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OAM mode disintegrated into two unit charged OAM modes.
The DRO threshold for such an output OAM state of j2; 0i
is 2.1 W, significantly higher than the output states. Similarly,
one can expect the transfer of pump order l p  2 to the idler
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Fig. 4. Performance characterization of the vortex-pumped cw DRO
source. (a) Variation of output power of the DRO for pump OAM
modes l p  0 (Gaussian) and l p  1 across the tuning range. (b) Powerscaling characteristics of the DRO source with pump vortex l p  1.
(c) Intensity (first row) pattern of the signal OAM mode and corresponding fork (see red circles) interference pattern (second row) for different
pump powers.
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radiation to produce the output OAM state j0; 2i through proper
selection of cavity losses. However, due to the unavailability of
suitable mirrors for the idler in our laboratory, we could not access
this output state. To better understand how DRO operation generates different output OAM states, we have tabulated all the experimental parameters in Table 1. From the table, it is evident
that the selective transfer of the pump OAM mode to the output
beams of an OPO can be realized by controlling relative cavity
losses, in agreement with our theoretical predictions.
To evaluate the practical utility of the new vortex source for
potential applications, we further characterized the performance
of the DRO with regard to output power and efficiency across the
tuning range. We pumped the DRO in the ring cavity configuration with green power of 3.2 W and measured the total output
power (signal plus idler) across the tuning range for a pump beam
with a Gaussian spatial profile, l p  0, and a vortex profile,
l p  1. The results are shown in Fig. 4(a). For the Gaussian
pump beam, the DRO produces a maximum output power
of 400 mW at a signal (idler) wavelength of 960.2 nm
(1192.9 nm) with a pump depletion of up to 73% at a signal
(idler) wavelength of 1043 nm (1085.8 nm). The variation in
the output power is attributed to the varying transmission of the
cavity mirrors. When pumping with the optical vortex beam,
the DRO generates a lower output power of 240 mW with a reduced pump depletion of 60%, due to the lower parametric gain
with an optical vortex than a Gaussian pump beam. We also studied power scaling of the vortex-pumped DRO at a signal wavelength of 965.3 nm (crystal temperature of T  90°C ). Varying
the vortex pump power, we recorded the total output power and
pump depletion, showing the results in Fig. 4(b). At 3.2 W of
pump power, the DRO generates a maximum total power of
240 mW, with 75 mW of signal power in the vortex beam profile
at a slope efficiency of 2.6%, and 165 mW of idler in Gaussian
beam profile at a slope efficiency of 5.8%. We further recorded
the intensity profile of the signal beam for three different pump
powers, P p  1, 2.05, and 3.2 W, with the results shown in
Fig. 4(c). As evident from the first row of Fig. 4(c), the signal
beam has a doughnut-shaped intensity profile carrying the OAM
mode l s  1, which is further confirmed from the characteristic
fork (see red circles) interference pattern shown in second row of
Fig. 4(c). The deterioration of signal beam intensity pattern from
the doughnut shape with the increase in pump power from 1 to
3.2 W, evident in first row of Fig. 4(c), can be attributed to the
excitation of higher-order cavity modes due to enhancement of
nonlinear gain at higher pump powers.
5. CONCLUSIONS
In conclusion, we have reported the first demonstration of controlled switching of an OAM mode of light using an OPO. This is
also the first report of a vortex-pumped cw OPO. Using a DRO,
we have shown that by controlling relative losses of the resonant
beams, the OAM mode of pump can be selectively transferred to
either of the generated beams or shared between them. Hence, for
an OAM of l, we can produce l  1 signal and idler output OAM
states, jl s ; l i i. Pumping the DRO with OAM modes, l p  1 and
l p  2, we generated output states of j1; 0i and j0; 1i and j1; 1i,
j2; 0i, and j0; 2i, respectively, with up to 240 mW across
946–1200 nm. This generic technique thus enables controlled
transfer and switching of OAM at practical powers, in all timescales, and at arbitrary wavelengths from visible to mid-infrared,
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and it can also produce higher-order vortices using a higher-order
vortex pump beam.
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