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Twisted light, or orbital angular momentum (OAM) carrying beams or photons, is a pillar of structured photonics, a booming
subfield of modern optics. The generation and transformation of twisted light, which lie with coupling topological charges into
target light’s wavefunctions, are usually performed by phase-only OAM manipulations. The practical twisted lights, however,
obtained by this method are actually noneigen modes of free space, leading to an evolution through the diffractive propagation.
Here, we present a general theoretical frame for accurately describing this evolution. Based on the theory, the whole diffractive
propagation history in a typical OAM-manipulation loop, converting Gaussian light into a twisted one and then reconverting
back, is demonstrated via a set of exact analytical solutions. These results provide a powerful tool for analyzing the transverse
profiles of twisted light through the diffractive evolution, as a guideline for studying the science of structured light, which would
provide guidelines for research studies in nonlinear optics and high-dimensional quantum information technology based on

OAM-degree of freedom.

1. Introduction

Structured photonics, i.e., generation and application of light
fields with custom transverse phase and polarization profiles,
has gained so rapid progress over the past decade that it has
gradually become an important subfield of modern optics
[1]. In this new subject, orbital angular momentum (OAM)
carrying beams or photons received the most attention from
the optical community, ranging from high-capacity optical
communications [2, 3], light trapping and manipulation [4],
high-precise optical metrology [5-7], nonlinear optics
[8-12], to high-dimension quantum information [13-18].
All these research studies originate from the factor that
twisted light (or vortex beam) carries a spiral phase term
e % or to say carries Zi orbital angular momentum each
photon [19], leading to two special properties: unbounded

dimension of OAM degree-of-freedom and tailorable light-
matter interface owning to its unique phase and intensity
distributions. In physics layer, the subfield (OAM photonics)
comes down to manipulating and controlling the transverse
wavefunctions of the twisted light, or rather, coupling
a helical phase e~ ? (or topological charge) into the target
light’s wavefunction. We note that these helical phase
transition processes not only occur in linear interaction
domain but also broadly refer to nonlinear interactions
among coherent fields or photons [8-18].
Laguerre-Gaussian (LG) modes, as eigenstates of OAM
degree-of-freedom and standard solutions of free-space
paraxial wave equation (PWE), hence, are a natural
choice for describing twisted light elegantly. For practical
twisted light people used, usually converted from Gaussian
light via phase-only OAM manipulation, however, is not
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a natural solution of the PWE but a hypergeometric
Gaussian mode which can be expressed as a linear super-
position of different LG modes with the same topological
charge ¢ at the waist plane [20]. We note that noneigen
solution of free-space PWE means that its transverse
wavefunction will not be constant in LG space upon
propagation. In the general research studies, most attention
is mainly focused on the initial and final states of twisted
light’s wavefunctions, yet the wavefunctions’ evolution
during propagation is also pretty important. To date, the
practical twisted light and its evolution have been broadly
studied via PWE’s solutions [21-25]. However, in many
scenarios, such as shaping 3D polarization structures
[26-28], tailoring nonlinear optical interactions [29-31],
and studying fundamental physics [32], to master accurate
evolution history of the wavefunctions during multiple/
various manipulations is prerequisite. To address this issue,
here, based on diffractive optical theory, we present a uni-
versal theoretical frame for describing the accurate dy-
namical evolution of the twisted light’s wavefunction. The
theoretical and experimental results indicate that the the-
oretical model can predict the whole evolution of the
wavefunction during cascading phase-only OAM manipu-
lations accurately. This framework provides a feasible way to
analyse custom light fields’ specific parameters with high
accuracy during the whole evolution, such as polarization
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2. Results and Discussion

In this work, without loss of generality, we focus on a typical
case in twisted light’s manipulation and control, converting
Gaussian light into a twisted one and then reconverting
back. Now, we consider the first step of the demonstration
shown in Figure 1, as the most common situation in the
generation of twisted light, and a collimated Gaussian beam
is used as the initial field. The transverse wavefunction of the
Gaussian beam at the beam waist w,, or rather the trans-
formation plane, can be expressed as V2/mexp (—r*/w}).
Coupling a helical phase e "% into the input light field’s
wavefunction via applying a corresponding phase mask on
the SLM-1, the wavefunction will experience a phase
transition and become

Ey(rg.0y) = V2In exp(—roz/wé) exp(-i£6,), (1)

as it is leaving from the 2D transformation plane. The field
shown in equation (1) can be expressed as a linear super-
position of LG modes with the same topological charge
Y pochGg [18]. One can note that, however, this field is not
an eigenstate of free-space traveling wave field, meaning that
it will evolve during the propagation and gradually approach
a certain mode. Nevertheless, information stored in the
wavefunction at the 2D plane (equation (1)) can completely
determine the evolution during the following propagation.

distributions and  wavevector’s  axial ~components  Thu¢ the wavefunction diffracting from SLM-1 can be
(26, 27, 32, 33]. derived from diffractive optical theory with the initial
condition of {E, (ry,6,),z = 0}, i.e., Collins Diffraction In-
tegral Equation [8, 24, 27] shown as follows:
i ) 2m oo ik 2 2
E,(r,0,,2,) = 15 P (-ikz,) jo jo E, (1o, 0,) exp {_ZB X [Ar0 —2r,rycos(6, - 6,) + Dr }rodrodeo, (2)

where z; is the propagation distance since leaving the
transformation plane, and the ABCD matrix for free space

propagation is
A B 1z,
= . (3)
CD 01

£+1

By plugging equations (1) (3) into (2), we obtain an
analytical solution for describing the wavefunction during
the diffraction process, a function of the propagation dis-
tance z;:

iR , , ik b (¢ b’
E (r,60,2)) = oS \/; w—oexp (-ikz,) exp (—11,”91)exp(—2—21rf> ﬁF(E,f + 1,—#). (4)
1

Equation (4) represents a hypergeometric Gaussian
mode, where F (&, 8, z) is the hypergeometric function, and
b, = kr,/2z,,&, = 1/w} +ik/2z,. It can be noted that the
helical phase term e~“%, referring to OAM conservation, is
invariant throughout the diffracting evolution process.
Figure 2(a) shows the theoretical transverse profiles of the
twisted light, simulated via equation (4), upon diffraction.
We can see the vortex inlayed at the center of the donut

&

gradually enlarges upon propagation and, especially, rapidly
grows up during the early stage of evolution. More notably,
although the topological charge £ is constant, the orthogonal
radial structure changes through the propagation history. It
is complex (multirings) and evolves rapidly at the beginning
and, finally, approaches a simplex structure (single-ring) or
to say approximates to a certain LG mode in the far field.
Figure 2(b) shows the corresponding experimental results,
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F1GURE 1: Schematic illustration of a typical OAM manipulation and control. A Gaussian light is converted into a twisted one via SLM-1 and

then reconverted back.

Simulated twisted light’s evolution from L=0 to L=9
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Measured twisted light’s evolution from L=0 to L=9

FIGURE 2: Simulated (left) and experimentally measured (right) beam profiles upon propagation distance Z; since being generated. A 4f

system is adopted in the measurement.

which pretty much agree with the simulation. Besides, an
analogue result for a superposition state # = +4 is shown in
Figures 2(c) and 2(d), the simulation and experimental
results agree well with each other, again, proving the
framework’s superiority.

Next, we use the framework introduced previously to
address the second step of the demonstration shown in
Figure 1, i.e., reconverting the twisted light back to Gaussian
modes. Here, we firstly consider a relatively simple case and
the twisted light generated in the previous step has ap-
proximately evolved (propagating far enough) into an eigen

ik 1

LG mode. In this simple case, the new initial condition of the
reconverting process at the 2D transformation plane of
SLM-2 (z,=0) is a LG mode and can be expressed as

¢
2 1 (ﬁ) exp (-i£0,) exp (i£6,).
Wo

E, (71’ 91)2:0 = 7! w,

(5)

By using equation (2), we can obtain an analytical so-
lution for describing the transverse structure of the
reconverted twisted light after propagating z,.

3 . ik 4 ¢ b
s 82) =\ Lep(cikzy) p<2) F(z 1) ©
2 2

2z, N\ w,

where b, = kr,/2z,,¢, = 1/w} + ik/2z,. Figures 3(a) and 3(b)
show the simulated transverse profile of the reconverted
light upon diffraction distance z,. The light will lose OAM
when coupling a reverse helical phase exp (i£0,) into its

&

wavefunction; however, it can be seen that the transverse
profile is still in a donut shape at the initial stage of dif-
fraction. After diffracting about 0.4 m, a bright point starts to
emerge at the beam center and then grows up and becomes



Simulated twisted light’s evolution from L=2 to L=0
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Simulated twisted light’s evolution from L=4 to L=0
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Simulated and measured twisted light’s evolution from L=1 to L=0, via Eq. (7) with Z =0.8 m
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FIGURE 3: Simulated (al-b4) and experimentally measured (c1-d4) beam profiles upon propagation distance Z, since being reconverted. A
4f system is adopted in the measurement. (el-e4) and (f1-f4) are simulated beam profiles via the accurately analytical solution and the

corresponding measured beam profiles.

brighter upon propagation. Finally, more than 95% power of
the beam is concentrated at the central regime as propa-
gating far enough. This light, approximately a Gaussian
distribution, can be effectively coupled into a single mode
fiber. In addition, a radial structure emerges during the
reconverting process, accompanied by the emergence of the
Gaussian spot, and it becomes more complex upon prop-
agation and gradually faints in finally. This can be attributed
to the fact that the transverse wavefunction leaving from
SLM-2, as shown in equation (5), is not a free-space ei-
genmode. Thus, it will evolve during the propagation and
gradually approach an eigenmode.

Figures 3(c) and 3(d) show the corresponding experi-
mental results, which agree well with the theoretical pre-
diction once again. The slight distortion of the experimental
beam profiles to the theoretical beam profile can be caused
by beam misalignment and low surface quality of the spatial
light modulator. In experiment, Z; was set as 40 cm. The
results shown here raise a key question concerned by most
researchers dedicating in OAM photonics: how to reduce or
avoid the residual outer rings left over by reconverting
processes (meaning a low conversion efficiency and energy
loss) and how to accomplish the processes more quickly?
Here, the key point is although the topological charge ¢
changes instantaneously in mode conversions, it has left an

indelible imprint on the “carrier light” during the first
diffracting propagation. To comprehend this point, one can
find the parameter ¢ in terms that express as a function of
propagation distance in equation (4) or standard LG modes
in Gouy phase. In some degree, the question raised pre-
viously is equivalent to ask: can light or photons diffracted
from a slit completely pass through another slit? Based on
the time reversal invariance of wave dynamics, a straight-
forward proposal for overcoming this point is to erase any
imprints recorded in the propagation history, namely back
to the initial condition shown in equation (1), before the
reconversion. A feasible method for achieving the proposal
is time-reversal or phase-conjugation operation, and more
specific details are out of the scope of this paper and are
covered in a separate article.

At last, we further address the relatively more complex
case in reconverting a twisted light back to Gaussian one, i.e.,
the twisted light does not propagate far enough since being
generated by phase-only OAM manipulations. In this case,
obviously, equation (6) is not accurate and the analytical
solution shown in equation (4) should be used as the initial
condition of the reconverting process. We replace it into
equation (5), and after a complex calculation using equation
(2), we obtain an analytical solution again:

2 14
. b _
El(ry 0,2,,2,) = 7 exp [-ik(z, +z2)]exp(—— %) 1”1,/2 a2
(7)
S 1 T(n+£/2) T(£+1) ¢ r\" £ b,
Y = I(n+=+1)(=) F{n+=+1,1,—2).
Snl T(£2) Th+l+1) 2 g 2 g
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Here, the definitions of parameters in equation (7) are
by =ki2z;,  a =1lwj+iki2z), by =kry/2z,, =
bila, +ik/2z, + ik/2z,, and T =b/a,, respectively. This
result (not only pointing to equation (7) but broadly face
towards similar situations), though it is too complicated for
simulation, can be used for accurately analyzing evolution
of light’s transverse structure during continuous phase-
only OAM manipulation, especially performed in a short
interval. Figure 3(el-e4) shows the simulated reconversion
process for L=1 and Z, =0.8 m via equation (7), and the
corresponding measured results are shown in
Figure 3(f1-f4).

3. Conclusion

In summary, we have presented a universal theoretical
framework for describing the practical twisted light during
phase-only OAM manipulation and control. The transverse
wavefunction, derived from this universal diffractive optical
model, can accurately predict the evolution of the twisted
light through a typical OAM manipulation loop, including
generation, diffracting propagation, and the reverse trans-
formation. Our results provide a helpful and powerful
theoretical tool for researching and applying structured
light. Moreover, by changing the initial conditions (input
light) and transformation conditions (optical system pa-
rameters) in equation (2), one can easily extend this flexible
framework to describe other experimental configurations,
for instance, predicting OAM-multiplexed beam properties
since emit from the optical system.
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