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a b s t r a c t 

The temporally switchable optical mode conversion is crucial for optical communication and computing 

applications. This research demonstrates such optically switchable mode converter driven by thermo- 

optic refraction. The MoS 2 nanofluid is used as a medium where the thermal microlens is created by a 

focused laser beam (pump). The convective thermal plume generated above the focal point of the pump 

beam within the nanofluid acts as an astigmatic thermal lens. It is discovered that mode conversion of 

the Laguerre-Gaussian (LG) to the Hermite-Gaussian (HG) beam (vice versa) takes place upon passing 

through the thermal lens. The topological charge of the LG beam can be easily determined using the 

proposed mode converter. The mode transformation is explained theoretically as the Fourier components 

of the LG beam undergoing different optical paths while propagating through the convective plume. 

© 2021 Elsevier Ltd. All rights reserved. 
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The Laguerre-Gaussian (LG) beam is a type of an optical vor- 

ex beam with a doughnut shaped intensity distribution and he- 

ical phase structure. By imparting appropriate phase change to 

G beams spatially, they readily transform into the corresponding 

ermite-Gaussian (HG) beams [1] . A device for switching of spa- 

ial modes can be attractive for applications including space di- 

ision multiplexing in free space optical communication [2] , su- 

er resolution microscopy where structured light illumination is 

eeded [3–5] , and optical trapping and manipulation of nanoparti- 

le [6,7] . Entangled photons carrying radial momentum have been 

xplored for quantum technology [8] . Temporal mode switching is 

lso used in quantum information science for processing of quan- 

um data [ 9 , 10 ]. For quantum communication applications, our 

roposed technique may be extended to generate spatio-temporal 

odes of single photon states for multiplexed data transmission. 

A π /2 mode converter built using cylindrical lens can transform 

G p, ±l mode to HG n,m 

mode where radial index ‘p’ is min(n,m) 

nd azimuthal index ‘l’ is (m-n), but such mode converter is not 

witchable [11] . Apertures are also used for topological charge de- 

ection, but lack mode switchability and capability to convert LG to 

G mode and vice versa [12] . A spatial light modulator (SLM) can 
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e used for switchable mode conversion by generating appropriate 

hase element but are very expensive and quality of beams depend 

n resolution of the SLM [13,14] . Fast switching of the mode con- 

ersion has been demonstrated in all fiber systems by the acousto- 

ptic effect but have been demonstrated only for few higher order 

ber core modes and may be affected by external vibration inter- 

erence [15] . 

The optical Kerr effect is a phenomenon of an intense beam 

f light changing the refractive index of the pass-through medium 

roportional to the intensity. The Optical Kerr effect may result in 

elf-focusing/defocusing, and spatial self-phase modulation (SSPM). 

he SSPM causes the beam transmitted through the material to 

elf-interfere forming diffraction-like concentric ring patterns. The 

SPM is observed in liquid crystals, dyes [16] and media containing 

D nanomaterials [17] . The SSPM effect has also been observed in 

D MoS 2 nanofluid and hence used in this research [18–20] . Fur- 

her on, the optical Kerr effect caused by one beam used to affect 

hase of other beam passing through the same medium is called 

patial cross phase modulation (SXPM) [21] . 

The application of the Kerr effect requires the use of optical ma- 

erials with nonlinear susceptibility. In linear systems the effect of 

otal internal reflection has been applied [22,23] for beam transfor- 

ation due to reflection of the Fourier components incident at the 

ngle larger than critical. In this research switchable mode conver- 

ion from LG to HG mode and vice versa is demonstrated by SXPM 

n 2D MoS 2 nanofluid. The MoS 2 nanofluid is used as a medium 
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Fig. 1. The experimental setup for optically controlled mode converter. 
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Fig. 2. The first column shows binary amplitude gratings used to generate LG 

beams. Second column shows input beams (Clockwise twisting) entering thermal 

lens region and third column shows output beams exiting thermal lens region. Sim- 

ilarly, Fourth and fifth column shows input beam (Counter-clockwise twisting) and 

output beam (HG beam). 
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here the thermal microlens is created by a focused laser beam 

pump). The convective thermal plume generated above the focal 

oint of the pump beam within the nanofluid acts as an astigmatic 

hermal lens. The effect of the lens leads to mode transformation 

ue to the Fourier components of the LG beam undergoing differ- 

nt optical paths while propagating through the convective plume. 

esults and discussion 

ample Preparation and characterization 

2D MoS 2 nanoflakes are prepared by liquid phase exfoliation. 

he nanofluid consists of nanoflakes of MoS 2 dispersed in 3%w/w 

olyvinylpyrrolidone (PVP) polymer solution. The material prepa- 

ation is explained in our previous article [24] . UV-Vis absorption 

pectrum showed that MoS 2 nanofluid has broadband absorption 

n visible region (40 0-70 0nm). From scanning electron micrograph 

t is found that the nanoflakes had uniform size and average thick- 

ess of 153.5nm ±23nm. 

xperimental results 

Fig. 1 shows the experimental setup for the optically controlled 

witchable mode converter. The pump beam is from a diode laser 

f 650nm wavelength and 60mW power and has the beam diam- 

ter of 4mm. The LG 0,1 beam entering MoS 2 nanofluid has beam 

ize of ∼146.7μm, the beam divergence of 14.6mrad and power of 

47μW. The size of the thermal lens region can be tuned by con- 

rolling the power of pump beam using a variable neutral density 

lter. The pump beam is focused on MoS 2 nanofluid using lens L1. 

he suspended MoS 2 nanofluid absorbs the incident pump beam 

nd creates localised heating. Due to the localised heating the re- 

ractive index of nanofluid changes in that region. The transmitted 

ump beam undergoes the SSPM and form symmetric concentric 

iffraction rings. Soon after, these concentric diffraction rings be- 

ome asymmetric as shown in screen ( Fig. 1 ) due to the upward
2 
onvective flow of the heated nanofluid. Details on thermal lens 

ormation can be found in our previous article [24] . 

An inexpensive method of LG beam generation by forked bi- 

ary amplitude gratings is used in this research. The size of grat- 

ngs is 1cmx1cm and printed using laser printer on transparent 

verhead projector sheet. The first order diffraction from output of 

rating is an LG beam. Thus, beams of both clockwise and counter 

lockwise twist can be generated from a single fork binary grat- 

ng. Fig. 2 shows the input beam entering the thermal lens and 

he output beam exiting the thermal lens, respectively. The orien- 

ation and order of the output HG beams signified the twist di- 

ection and topological charge of the corresponding LG beam, re- 

pectively. The topological charge and twist of the LG beams up 

o order five were measured using this method. Higher topologi- 



P.P. Shetty, D.N. Maksimov, M. Babu et al. Journal of Quantitative Spectroscopy & Radiative Transfer 274 (2021) 107867 

Fig. 3. (a) and (b) shows output beam patterns when LG 0,-1 and LG 0,2 modes are passed through thermal lens in nanofluid respectively. Co-ordinates show relative position 

(dimensions in mm) of input LG beam from origin(0,0). Here origin is beam axis of pump beam. 
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al charges can be calculated with equal efficiency using this tech- 

ique with appropriate pump power adjustment. The decomposi- 

ion of LG beam to corresponding HG beam using single cylindrical 

ens [25] and tilted convex lens [26,27] has been reported in liter- 

ture, but these methods does not allow control for dynamic opti- 

al mode switching. Moreover, to the best of our knowledge, free 

pace optical mode conversion using thermally induced lens has 

ever been reported. Vladimir et al have reported polychromatic 

AM beam mode conversion using cylindrical lens, to achieve the 

ame result using the proposed mode converter an optically trans- 

arent fluid like oils can be used [28] . 

The output beams were recorded by passing the input LG 

eams from right to left in the x-direction around thermal lens 

egion ( Fig. 3 ). The centre of the thermal lens i.e. beam axis of

ump beam is considered as the origin (0,0). When the LG beam 
3 
asses through the origin, it turns into concentric ring like pat- 

erns similar to the pump beam undergoing the SSPM. When LG 

eam is moved away from origin along the x or y direction, the 

ffect of mode conversion eventually disappears. This indicates the 

ependence of mode conversion on thermal lens shape. An inter- 

sting observation from Fig. 3 (a) is that if the location of the in-

ut LG 0,-1 beam is moved from (0.48, 0.3) to (-0.34, 0.3) position, 

he mode axis of the transformed output beam i.e., HG 0,1 rotates 

y 180 ° in anti-clockwise direction. Similarly, 180 ° rotation of the 

ode axis of output beam (HG 0,2 ) is observed for LG 0,2 beam. The 

eason for this phenomenon is a negative astigmatic thermal lens 

reated by the pump beam. The heated convective thermal plume 

bove origin has refractive index lower than that of the surround- 

ng nanofluid and acts as a negative lens with the shape of bell 

s seen in Fig. 1 (inset). Hence, the orientation of the output HG 
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Fig. 4. First row shows binary amplitude grating used to generate HG beams. Sec- 

ond and third rows show input and output beams to/from thermal lens. 
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Table 1 

Fitting parameters obtained from LG (0, −1) . 

�x 0 0 0.5 0.48 

�y 0 0.3 0 0.3 

αxx 2 × 10 6 0.4 × 10 6 0.05 × 10 6 0.79 × 10 6 

αxy 2 × 10 6 3.8 × 10 6 0.02 × 10 6 0.04 × 10 6 

αyy 0 0 0.95 0.38 × 10 6 
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eam can give insights into the phase change experienced by LG 

eam. 

Further, a theoretical analysis shows the same effect and is pre- 

ented in the next section of the paper. The duration for complete 

ode switching takes ∼0.6sec. This switching time can be further 

educed by choosing nanofluid with a higher thermal conductivity 

nd thermal coefficient of the refractive index. 

As shown in Fig. 4 the HG beams can also be successfully con- 

erted into the corresponding LG beams by using the switchable 

ode converter. The HG beams were generated using binary am- 

litude grating as shown in Fig. 4 . The input HG beam is converted

nto the corresponding LG beam when it is inclined at ∼25 ° to ver- 

ical. The Appropriate orientation HG beam is crucial for successful 

ode transformation. 

heoretical results 

Similar to [29] the LG beam of radial index p and azimuthal in- 

ex l with waist w 0 can be written in the following manner 

 ( r ) = ( 2 f ) 
2 p+ | l | 

( −1 ) 
p+ | l | 

(
2 

w 

2 

)p 

(
2 ( x + iy ) 

w 

2 

)l 

L 
| l | 
p 

( 

2 

(
x 2 + y 2 

)
w 

2 

) 

E 0 ( r ) (1) 

here L l p ( x ) is the associated Laguerre polynomial, z is the beam

ropagation axis, and x, y are the coordinates in the beam Fourier 

focal) plane, 

f = 

1 

2 

− iz 

kw 

2 
0 

, (2) 

 = w 0 

√ 

1 + 

(
2 z 

kw 

2 
0 

)2 

, (3) 

nd 

E 0 ( r ) = 

1 

π

1 (
w 

2 
0 

+ 2 iz/k 
)

exp 

[ 

ikz − i 
(
k 2 x + k 2 y 

)
z/ 2 k − x 2 + y 2 (

w 

2 
0 

+ 2 iz/k 
)
] 

, (4) 
4 
s the fundamental Gaussian mode. Alternatively, the LG beam can 

e written as its Fourier representation [30] 

E ( r ) = 

∫ + ∞ 

−∞ 

d k x d k y 

( 2 π) 
2 

A 

l 
p ( k x , k y ) 

exp 

[
i k x x + i k y y + ikz − i 

(
k 2 x + k 2 y 

)
z/ 2 k 

]
, (5) 

here A 

l 
p ( k x , k y ) is the Fourier amplitude, 

A 

l 
p ( k x , k y ) = 

(
2 

w 

2 
0 

)p 

( i k x + k y ) 
l × L l p 

[ (
k 2 x + k 2 y 

)
2w 

2 
0 

] 

exp 

[
−w 

2 
0 

(
k 2 x + k 2 y 

)
/ 4 

]
. (6) 

The above equation gives us a key for understanding the beam 

ransformation after passing through the thermo-optic lens. The ef- 

ect is present at arbitrary angles of incidence. Thus, in contrast 

o [ 22 , 23 ] the beam transformation cannot be attributed to the 

ritical angle reflection of some Fourier components in Eq. (5) . It 

s conjectured that the effect in this research can be explained 

hrough self-interference due to different phase shift for different 

ourier components. The transmitted beam can be written as 

E out ( r ) = 

∫ + ∞ 

−∞ 

d k x d k y 

( 2 π) 
2 

exp [ iψ ( k x , k y ) ] A 

l 
p ( k x , k y ) 

exp 

[
i k x x + i k y y + ikz − i 

(
k 2 x + k 2 y 

)
z/ 2 k 

]
, (7) 

here the phase ψ( k x ,k y ) is assumed to be dependent on the wave

ector components in the Fourier plane. For the paraxial beams the 

ange of k x ,k y is small in comparison to k , therefore ψ( k x ,k y ) can

e written as the Taylor expansion 

 ( k x , k y ) = ψ 0 + αx 
k x 

k 
+ αy 

k y 

k 
+ αxx 

(
k x 

k 

)2 

+ αyy 

(
k y 

k 

)2 

+ αxy 
k x k y 

k 2 
, (8) 

Notice that upon substitution of Eq. (8) in Eq. (7) αx , αy can 

e removed by changing the coordinates in the Fourier plane 

 

0 = x + αx , y 0 = y + αy . Hence, the linear terms in Eq. (8) account

or the beam shift, whereas ψ 0 is a global phase which can not 

ffect the beam transformation. Thus, we conclude that it is αxx , 

xy , αyy that control the transformation effect. All three quantities 

re dependent on the orientation of the beam with respect to the 

hermal lens. However, they are independent of l, n , and w 0 . 

In Table 1 , the numerical values of the fitting parameters were 

btained from the experimentally observed transformed beams 

atterns for the counter clockwise beam LG (0 , −1) . The correspond- 

ng beam profiles are plotted in Fig. 5 . The obtained parameters 

or the clockwise beam LG (0 , 2) is used in next step. One can see 

n Fig. 6 that the three parameters result in the transformed beam 

rofiles similar to those obtained in the experiment. 

Hence, beam transformation can be explained as Fourier com- 

onents of LG beam undergoing different optical path (phase shift) 

n the convective thermal plume. The beam transformation can be 

escribed by three fitting parameters that only depend on the vac- 

um wavelength and the orientation of the beam axis with respect 

o the convective plume. The parameters are independent of the 

eam extension, order, and azimuthal index (topological charge). 
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Fig. 5. Transformation of LG 0, −1 (counter clockwise beam). 

Fig. 6. Transformation of LG 0,2 (clockwise beam). 
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onclusion 

In this research an optically switchable mode converter based 

n the thermo-optic refraction is demonstrated. The helicity and 

opological charge of the LG beam is easily measurable using this 

onverter. Theoretically, it is found that mode transformation is a 

esult of Fourier components on LG beam experiencing different 

ptical paths while propagating through convective plume. These 

roperties along with switchability of the demonstrated mode con- 

erter make it a potential tool for free space optical communica- 

ion and quantum computing applications. 
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