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and spatial light modulators [9]. These components also ena-
ble control of the topological charge of the resultant vortex 
beam. However, the beam quality and power scaling capacity 
of these sources may be limited by damage and diffraction 
loss to these external components. An alternative method of 
directly generating a vortex laser beam, which foregoes the 
use of potentially fragile external elements, is to suppress 
oscillation of the lowest-order Gaussian mode within a laser 
cavity and instead force oscillation of a Laguerre–Gaussian 
(LG) mode (LG0x modes are vortex modes with topological 
charge x) [10]. This can be performed in a number of ways, 
including using an on-axis damage spot [11, 12], utilizing 
soft aperture effects owing to thermal lensing [13], or by 
controlling the gain profile within the laser [14]. By forc-
ing the laser to oscillate on a different cavity mode, many of 
the desirable properties of the laser are retained, including 
power scalability and beam quality; also system simplicity is 
retained with no alignment of external optics.

A number of groups have demonstrated methods of 
increasing the wavelength diversity of vortex lasers through 
nonlinear conversion processes such as second-harmonic 
generation (SHG) [15–17], optical parametric oscillation 
(OPOs) [18, 19], difference frequency generation [20], and 
stimulated Raman scattering (SRS) [12]. We recently dem-
onstrated the simultaneous application of intracavity SRS 
and SHG to produce vortex laser emission at 586 nm from 
a self-Raman laser [21]. This laser generated three vor-
tex beams at different wavelengths: two in the near infra-
red (NIR) at 1063 and 1173 nm and one in the visible at 
586 nm. In that work, we demonstrated that orbital angular 
momentum is conserved under processes of SRS and SHG, 
wherein the topological charge of the fundamental field is 
transferred to the Stokes field under SRS (sign of the topo-
logical charge was also maintained), and summation of the 
topological charge occurs under SHG.

Abstract Sum frequency generation of the fundamental 
and Stokes fields within an intracavity self-Raman vortex 
laser is demonstrated in a linear resonator configuration. In 
this system, the sum frequency field exhibits different spatial 
profiles in the near and far fields, and a time-varying topo-
logical charge which varies between values of +2 and 0. We 
present a theoretical model which supports these experimen-
tal observations.

1 Introduction

Vortex laser beams have seen use across a wide range of 
applications including optical manipulation [1], quantum 
information [2], materials processing [3–5], and ultra-res-
olution microscopy [6]. The diversity of these applications 
stems from the unique properties of vortex beams, particu-
larly their annular profile, and orbital angular momentum 
[2, 7]. In the interest of further increasing the versatility 
of vortex laser beams, it is necessary to improve the range 
of wavelengths that can be generated from vortex laser 
sources, and also, to exercise control over the topological 
charge of the vortex beam and its spatial profile (in particu-
lar, the size of the central null region).

A Gaussian laser beam can be converted to a vortex beam 
using external components such as spiral phase plates [8] 
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In this work, we examine, in detail, the process of sum 
frequency generation (SFG) of fundamental and Stokes 
laser modes within a self-Raman vortex laser. In contrast to 
the case of SHG in which one optical field (for example the 
Stokes) gives rise to another, SFG involves the nonlinear 
mixing of two different fields, in this case, the Stokes and 
fundamental. Hence, the properties of each of these fields 
influence the resultant SFG output, resulting in more com-
plex behaviour.

2  Experiment

The layout of the laser resonator is shown schematically in 
Fig. 1.

A 20-W, 879-nm, fibre-coupled (100 µm core diam-
eter, 0.22 NA) laser diode was used to pump the resonator, 
and its output was focussed to a spot diameter of 300 µm 
which was incident on a 13-mm-long a-cut, Nd:GdVO4 
self-Raman crystal. The crystal had a clear aperture 
of 4 × 4 mm and was mounted in a water-cooled cop-
per block. The input face of the crystal was coated high 
reflecting (HR) from 1063 to 1180 nm (R > 99.99 %) and 
anti-reflecting (AR) from 808 to 880 nm (R < 0.1 %); this 
coating acted as the input mirror (M1) of the resonator. 
The other face of the crystal was AR coated from 1063 to 
1180 nm (R < 0.01 %). Mirror M2 had a radius of curva-
ture of 300 mm and was HR coated from 1063 to 1180 nm 
(R > 99.999 %—manufacturer specified). A 4 × 4 array of 
spots (regions in which the HR coating was removed to the 
level of the mirror substrate) with diameters ranging from 
20 to 120 µm was laser micro-machined into this mirror. 
The mirror was mounted on an x–y translation stage to 
allow its position to be adjusted, and enable oscillation of 
the laser centred on each of these spots, to test which spot 
produced an LG01 mode.

A type I, non-critically phase-matched lithium triborate 
(LBO) crystal with dimensions 4 × 4 × 5 mm was used 
to perform SFG of the fundamental and Stokes fields. This 
crystal was mounted in a copper block and maintained at a 
temperature of 95 °C using a resistive heater.

The spatial profile of the laser emission at the fundamen-
tal (1063 nm) and Stokes (1173 nm) wavelengths, along 
with the SFG (559 nm) wavelength, were examined using 
two CCD cameras (Spiricon-SP620U and COHU-4812). 
The topological charge of the vortex beams was examined 
using a Mach–Zehnder interferometer, the details of which 
can be found in [12, 22].

3  Results and discussion

3.1  Fundamental and Stokes fields

The resonator produced both the fundamental and Stokes 
fields as LG01 modes (confirmed through interferometric 
analysis of the topological charge and the spatial profile) 
by using an overall cavity length of 28 mm and a mir-
ror (M2) damage spot of diameter 40 µm. This yielded 
a damage spot to cavity mode ratio of 0.15, consistent 
with that in [21]. The laser was first examined without 
the intracavity LBO crystal. In this case, the topological 
charge of the fundamental and Stokes fields was stable 
and remained unchanged for timescales of minutes. Both 
fields always had identical sign of topological charge (+1 
or −1), and the sign of this charge could only be altered 
by changing the resonator alignment. It is interesting to 
note that the level of stability of the fundamental and 
Stokes fields we observed in this work was similar to 
that observed in our prior work, where a resonator with a 
lower Q was used [12].

Threshold for generation of the fundamental and Stokes 
fields was achieved at incident pump powers of 0.3 and 
1.1 W, respectively. The high reflectivity of the mirror M2, 
necessary to ensure high-intensity intracavity fields for 
SFG, meant that the output powers at 1063 and 1173 nm 
were low.

3.2  SFG field

With the LBO crystal placed intracavity, and temperature 
tuned for SFG of the fundamental and Stokes fields, sig-
nificant fluctuation of the intensity of the SFG field was 
observed. Also, in contrast to the system without the LBO 
crystal, fluctuation of the fundamental and Stokes fields 
was also observed in both their spatial profile and topologi-
cal charge. In spite of this fluctuation, it was still possible 
to power-scale the SFG emission; this is shown in Fig. 2. 
Note that the SFG power was as collected through output 
coupler (M2) only; SFG emission was also produced in 
the direction of the pump diode. The error bars are indica-
tive of the level of fluctuation that was observed within the 
system.

Fig. 1  Schematic of the experimental set-up
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The beam quality factor (M2) of the fundamental, 
Stokes, and SFG fields was measured. Near threshold, at an 
incident pump power of 3 W, the fundamental and Stokes 
fields exhibited an M2 of 2.4, while the SFG field exhib-
ited an M2 of 3.6. As the incident pump power increased, 
the beam quality of the fundamental field degraded and, 
at maximum incident pump power, exhibited a value of 
7.3. The Stokes field retained good beam quality (owing 
to Raman beam clean-up), with M2 of 2.8, while the SFG 
field degraded, and had an identical value to the fundamen-
tal field. It should be noted that while the M2 values of the 
fundamental and SFG fields were high, the spatial profiles 
still exhibited a central null region.

When examining the wavefront of the resonating NIR 
fields, it was found that the sign of the topological charge 
of the Stokes field was not always the same as that of the 
fundamental field. Raman gain is determined by the inten-
sity profile and not the wavefront of the fundamental field; 
hence, it is possible for the Stokes field to lase with top-
ological charge of +1 or −1. The sign of the topological 
charge of both the fundamental and Stokes fields was found 
to change temporally on the sub-1-s timescale, and this is 
in contrast to the system without the intracavity LBO crys-
tal. In that case, the topological charge of both NIR fields 
was comparatively stable and had the same value as one 
another. This is also in contrast to the result observed when 
generating the second harmonic of the Stokes field [21]. As 
a consequence of this fluctuation, the topological charge 
of the SFG field also changed rapidly (also on the sub-1-s 
timescale), with values of +2 and 0 being observed with 
the interferometer. It was not possible to accurately deter-
mine the time frame on which this fluctuation occurred, 
due to the limited response time of the CCD camera. 
Images of the spatial profile of the SFG field in the near 
and far fields are shown in Fig. 3a, b, respectively, along 

with interferograms taken in the near field, showing a topo-
logical charge of +2 and topological charge of 0 in Fig. 3c, 
d, respectively.

We speculate that the rapid fluctuation in the spatial pro-
file and wavefront of the SFG and the NIR fields is due to 
competition between the two intracavity nonlinear effects 
of SRS and SFG. In this case, both the SRS and SFG pro-
cesses act as simultaneous loss mechanisms for the funda-
mental field, and a balance between these losses cannot be 
maintained within the resonator, resulting in rapid fluctua-
tions and flipping of the sign of topological charge of the 
NIR and consequently SFG fields. To further complicate 
matters, the resonator supports multiple longitudinal modes 
which begin to oscillate at higher incident pump powers 
and act to further increase the level of fluctuation. Further 
investigation of the fluctuation is required, and we plan to 
observe the temporal dynamics of the topological charge 
with the use of a fast detector such as a streak camera.

It is interesting to observe that the SFG field can exhibit 
a topological charge of +2 or 0 and yet retain an annular 
profile in the near field and a profile with a bright spot in 
the far field. The conditions under which a topological 
charge of +2 is observed and produces such near and far 
field profiles can be understood by the fundamental and 
Stokes fields having the same sign of topological charge 
(both +1). Similar to the theoretical investigation in [17], 
our theoretical model reveals that the different near and far 
field profiles manifest from a consideration of both Gouy 
phase which becomes relevant when frequency-mixing LG 
modes, and an additional phase component which develops 
within the resonator, as detailed in [21]. In contrast to the 
work in [17], our model very simply considers a decom-
position of LG modes into Hermite–Gaussian modes and 
also considers the mixing of LG beams with the same and 
the opposite topological charge. The consideration of LG 
modes with opposite signs of topological charge (+1 and 
−1, respectively) was not detailed in [21]. A beam with a 
net topological charge of 0 should exhibit a Gaussian spa-
tial profile in both the near and far fields. However, this 
is clearly not observed in this system. Here, we explicitly 
detail equations and simulations which consider the case 
where a SFG beam with topological charge of 0 is gener-
ated from a fundamental field with topological charge +1 
and a Stokes field with topological charge −1.

In our model, we first assume that the LG resonator 
modes for the fundamental and Stokes fields are comprised 
of Hermite–Gaussian (HG) modes, HG1,0 and HG0,1, where

(1)HG1,0 = xe−
(

x2+y2
)

(2)HG0,1 = ye−
(

x2+y2
)

Fig. 2  Power scaling the SFG field
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The expressions for the Laguerre–Gaussian vortex 
beams of the fundamental field with frequency (ω1) and the 
Stokes field with frequency (ω2) are given by:

where Δ1 and Δ2 are small phase mismatch terms which 
can manifest within the resonator [20]. In the expression 
for the Stokes field, ±1 denotes that the Stokes field can 
take a topological charge value of +1 or −1.

The field strength of the sum frequency is given by:

(3)LG
ω1

1 = xe−
(

x2+y2
)

+ iye−
(

x2+y2
)

ei�1 ,

(4)LG
ω2

±1 = xe−
(

x2+y2
)

± iye−
(

x2+y2
)

ei�2

(5)

ESFG = LG
ω1

1
· LG

ω2

±1
=

(

x2 ∓ y2ei(�1+�2)
)

e−2
(

x2+y2
)

+ i

(

ei�1 ± ei�2

)

xye−2
(

x2+y2
)

= HG2,0 ∓ HG0,2e
i(�1+�2) +

1

2

(

1∓ ei(�1+�2)
)

HG0,0

+ i

(

ei�1 ± ei�2

)

HG1,1

For HG modes, the Gouy phase term is represented as:

thus,

The intensity of the SFG field is given by

In the case of small phase mismatch,

(6)δm,n = (m+ n+ 1) tan−1 z

zR

δ(z) = δ2,0 − δ0,0 = δ0,2 − δ0,0 = δ1,1 − δ0,0 = 2 tan
−1 z

zR

ISFG(z) = |ESFG|
2

(7)

ISFG(z) =
∣

∣HG2,0 ∓ HG0,2e
i(�1+�2)

+
1

2

(

1∓ ei(�1+�2)
)

HG0,0e
iδ(z)

+ i

(

ei�1 ± ei�2

)

HG1,1

∣

∣

2

�sin�1� = �sin�2� = �sin(�1 +�2)� = 0

�1+ cos(�1 +�2)� = 2 �1− cos(�1 +�2)� =
(�1 +�2)

2

2

Fig. 3  Images of the spatial 
profile of the 559-nm SFG field 
in a the near field and b the 
far field. Interferogram images 
taken in the near field showing 
topological charge of c +2  
and d 0
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In the case where the fundamental and Stokes fields 
have the same sign of topological charge (i.e. both +1), the 
intensity of the resultant SFG field can be expressed as:

In the case where the fundamental and Stokes fields 
have opposite sign of topological charge, the intensity of 
the resultant SFG field can be expressed as

When we observe the spatial profile in the near field, z is 
small; hence, tan−1 z

zR
→ 0. In the case where we observe 

the spatial profile in the far field, tan−1 z
zR

→ π
2
. We can 

then form explicit expressions for the intensity of the SFG 
fields in the near and far fields following both Eqs. (8) 
and (9). We simulated the spatial profiles in the near and 
far fields assuming a small phase mismatch parameter 
(Δ1 = Δ2 = π

25
) and taking z = 5zR to represent the far 

field. The resultant spatial profiles for the case where the 

(8)

Il=2
SFG(z) =

∣

∣HG2,0

∣

∣

2
+

∣

∣HG0,2

∣

∣

2
+ (�1 +�2)

2
∣

∣HG0,0

∣

∣

2
+ 4

∣

∣HG1,1

∣

∣

2

− 2HG2,0HG0,2 +
(�1 +�2)

2

2
cos δ

(

HG2,0 + HG0,2

)

HG0,0

(9)

Il=0
SFG(z) =

∣

∣HG2,0

∣

∣

2
+

∣

∣HG0,2

∣

∣

2
+

∣

∣HG0,0

∣

∣

2

− (�1 +�2)
2
∣

∣HG1,1

∣

∣

2
+ 2HG2,0HG0,2

+ 2 cos δ
(

HG2,0 + HG0,2

)

HG0,0

fundamental and Stokes have the same topological charge, 
and the case where they have opposite topological charge 
are shown in Figs. 4 and 5, respectively.

The simulated profiles in the near and far fields under 
the two combinations of topological charge are very similar 
in that an annular profile is observed in the near field and a 
central bright spot is observed in the far field. This is also 
consistent with the experimental observations shown in 
Fig. 3a, b. The simulations show that despite the topologi-
cal charge of the fundamental and Stokes fields being oppo-
site, the spatial profile of the SFG field retains an annular 
profile in the near field. We also simulated the interfer-
ence pattern generated by the sum frequency field, in the 
near field, for the case where the fundamental and Stokes 
fields have the same topological charge, and the case where 
they have opposite topological charge. These are shown in 
Fig. 6a, b, respectively.

The simulated interference patterns for the SFG field 
are consistent with the experimental results in that when 
both the fundamental and Stokes fields have a topologi-
cal charge of +1, we observe an SFG field with fringes 
consistent with a topological charge +2. Similarly in the 
case where the fundamental and Stokes fields have oppo-
site topological charge of +1 and −1, we observe an SFG 
field with fringes consistent with a topological charge of 

Fig. 4  Simulated intensity 
profile of the SFG field in a the 
near field (z = 0) and b the far 
field (z = 5zR), through solution 
of Eq. (8) for the case where the 
fundamental and Stokes beams 
have a topological charge of +1

Fig. 5  Simulated intensity 
profile of the SFG field in a the 
near field (z = 0) and b the far 
field (z = 5zR), through solution 
of Eq. (9), for the case where 
the fundamental and Stokes 
fields have topological charge 
+1 and −1, respectively
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0. It demonstrates that in this system, under the process of 
SFG, conservation of topological charge is observed, but 
the resultant spatial profile of a field with net topological 
charge of 0 is not Gaussian. In our particular system, this 
has been supported by theory that includes an additional, 
small phase components which manifests between the HG 
modes which constitute the LG01 modes within the cav-
ity. This result is significant as it highlights that the spatial 
profile of a vortex beam which is generated intracavity via 
SFG, despite carrying net topological charge of 0, can still 
retain an annular spatial profile in the near field.

We are currently exploring methods by which the stabil-
ity of the topological charge of the Stokes and SFG fields 
can be maintained and controlled within the system. We 
believe that reducing the number of competing longitudinal 
modes within the cavity by way of intracavity etalons [23] 
will improve the stability of the system.

4  Conclusion

In this work, we have demonstrated sum frequency mixing 
of vortex beams within a self-Raman laser in a linear con-
figuration. We observe fluctuation of the intensity and topo-
logical charge of the SFG field, and the topological charge 
of the constituent near-infrared fundamental and Stokes 
fields. The non-Gaussian profile of the SFG field in near 
and far fields under condition of zero topological charge 
is explained via theoretical modelling, and the manifesta-
tion of additional, small phase components within the laser 
resonator.
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