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Abstract. In this paper we theoretically study the propagation of optical vortices (OVs)
through a loop resonator (LR) on a multimode optical fiber. We demonstrate the presence in
LRs of a resonance, which is in the inversion of the topological charge (TC) of the transmitted
OV. We show that in the outcoming field the weights of the OVs with opposite TCs may be
sensitive to wavelength variations of the LR’s length. Near the resonance points this property
can be used for super-efficient control over the TC and orbital angular momentum of the
outcoming field. We discuss application of this effect for temperature sensing. We also
demonstrate the resonance power spikes in the loop and show that the resonance loop fields are
the Hermite-Gaussian modes. In addition, we study the spectral characteristics of OV
transmission and show feasibility of LR-based comb filters for OVs.

1. Introduction

Since the first experimental demonstration of the fiber loop resonator (LR) [1] its application potential has been
realized to a wide extend. The similarity of this system’s comb transmission spectrum to the one of the scanning
Fabry-Perot interferometer makes LRs useful tools in optical-filter and spectrum-analyzer applications [2,3]. The
spectrum’s sensitivity to environmental conditions enables creation of various LR-based temperature [4,5],
chemical [6], refractometric [7] and displacement [8] sensors. Researches have also confirmed that LRs can be
useful for nonlinear optics, in particular, for third [9] and second [10] harmonic generation.

The physical mechanism of an evanescent coupling that underlies operation of LRs is also of key importance
in other fiber optical devices similar in performances to LRs: microcoil [11], knot [12] and ring [13] resonators.
Widening the variety of fiber-based resonators entailed expanding of application range of such devices.
Currently, such systems are considered as basic elements for optical communication [14], engineering photonic
delay lines [15], add-drop filters [16] and microwave generation [17]. Recently, some new trends have emerged
connected with topological phases in resonator arrays [18], nanoparticle sensing [19] and graphene-incorporating
resonators [20].

Until quite recently, the studies of fiber resonators, as well as related question of light propagation in coupled
fibers, were limited to monomode fibers. Advances in optical communications via orbital angular momentum
(OAM) states [21] and increasing application of fiber optical vortices (OVs) [22-27] makes it topical to fill up
the gap in our knowledge of LRs operation on multimode fibers. To date, a few papers studied evolution of OVs
in coupled fibers addressing, in particular, vortex states cloning [28] and OAM tunneling [29] in them. In the
only paper on OV’s evolution in coil resonators it have been outlined general principles of solving related
problems and shown the inversion of topological charge (TC) [30].

In this paper we apply the previously developed formalism [27,31] to study the OV transmission through a
LR. We show that in certain points a special TC-flip resonance takes place, at which the TC of the transmitted
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OV gets inverted. We show that by changing the LR’s length parameters one can control in the outcoming field
the weights of the OVs with opposite TCs. Those weights can be sensitive to wavelength and even ultra-
subwavelength variations of the LR’s parameters, in this way enabling super-efficient control over OAM and the
TC of the outcoming field. We also discuss possible sensor application of this property. Additionally, we show
the existence of resonance power spikes in the loop fields, which might be useful for nonlinear applications. We
also study the spectral characteristics of OV transmission in LRs and show feasibility of comb filters on the basis
of the effect of OV’s power oscillations.

2. Loop resonator

The scheme of the LR is shown in Figure 1a. In the boxed area the lower (L) and the upper (U) parallel parts of
the multimode fiber are evanescently coupled and form a quadripole of a kind (Figure 1b), which can be
considered as a LR, if its port 3 is connected by loop to the port 2 (Figure 1c). In the boxed area the fibers are
coupled to each other.
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Figure 1. a) A scheme of the LR; in the marked area the parts of the LR are coupled to each other via evanescent
fields. b) A quadripole made of two coupled fibers (marked by “U” and “L”). Ports 1, 2 and 3, 4 are the input
and output ports, correspondingly. ¢) An equivalent scheme of the LR based on the quadripole with the bridged
ports.

It is known that in the coupling area the fiber field exists in the form of coupled modes, which exact
expressions can be found in [32]. However, if the coupling area is not stretched (which is the case for such
devices), one can limit oneself to the scalar approximation expressions obtained in [30]. Adapting them to our
geometry one can express the normal modes y; of the coupled multimode fibers as

lwi) =[LL)+|2,L)+|LU)+|2,U), |w,) =|LL)—|2,L)+|LU)—-|2,U),
lya) =[LL)+[2.L)=[LU)=[2U) |y =[L L) ~[2, L) -[LU) +[2U),
lws) =|4,L)+|3 L)+]4,U)+|3U), |w) =]4,L)—|3 L) +|4,U)-|3U),
lw,)=4,L)+[3,L)—-|4U)-|3U), ) =|4,L)—|3,L)-|4U)+|3U). 1)
Here we use the following designation for partial fields in (1):
|LL/U) =exp(ilg,, )Fy (g )col (L), [2,L/U) =exp(—ilg,, ) Fuy (L )col (1),
13, L/U) =exp(—ilp_,, )F .y (ry )col (L=i), |4, L/U) =exp(ilg,, ) Fy (fy )col (L-i), (2)
where subscripts “L” and “U” stand for “L-fiber localized” and “U-fiber localized”, coordinates (r,,,¢,,, ) are

polar coordinates referred to the L-fiber and U-fiber, correspondingly. It should be noted that expressions (2) are
written in the basis of linear polarization. The function F, is the radial function [33]. Here | designates TC of

the vortices |1— 4,1/ U) . The propagation constants of these normal modes can be expressed as S, = ,5’, + 0B,
where B, is the scalar propagation constant and the corrections can be expressed as
Pro=(C£D)12f, Pa =~(Ci£D) 125, Pss =Py . By =B ©)
The coupling constants C, and D, determine probabilities for an OV of TC I to tunnel between the fibers
without or with charge inversion [32].
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The above expressions enable one to determine the action of a fiber quadripole onto the incoming field v, .
Indeed, let this field be the sum of L/U-localized OVs:

[Win) = LILL)+L,[2, L)+ Ly|3 L) + L4, L) + R JLU) + R, [2U) + R;|3U) + R, |4,U) , @)
where L; and R, are some known coefficients. Then we have at the left border of quadirpole:
8
|‘//in>zzai|'//i>v ®)
1

where ¢; are unknown decomposition coefficients and s is the coordinate along the coupled area. At the right
border of the quadripole the outcoming field is:

8
|l//out>:;ai|l//i>exp(iﬂis) ) (6)
where s is the length of the coupled area (see Figure 1). On the other hand, the outcoming from the quadripole
field can be presented in the following form:
[Wour) =Gi[LL) +G,[2,L) « G, |3 L) +G, |4, L) + T, [LU) + T, |2,U) +T,|3U)+T,|4,U), @)
where G, and T, are amplitudes of the outcoming optical vortices. To make from the quadripole the LR one
should link the ports 2 and 3 (Figure 1c). Then the OVs with the amplitudes G, enter the loop and go to the port

3 acquiring an additional phase. Due to the scalar approximation we assume that in the loop all vortices have the
same propagation constant B, and thus the same additional phase:

G exp(ifd)=R, ®)
where d is the loop’s length of the LR. Equations (1)-(8) allow one to obtain the system in the unknown
coefficients G,, T, .

3. Propagation of optical vortices in loop resonators
Let us now study propagation of the OVs |1,L) and |2, L) in the LR. Here we choose the OVs only with the

left circular polarization, because the LR in the scalar approximation does not affect the state of polarization of
the incoming field. Solving the system in the coefficients G, T, one can obtain the following expressions:
efi‘{lTl‘2 =1, exp(id;) £ 1_exp(i®,) ,efi\PGly2 =I,R I R,, 9
where I, =(L £L,)/2, tan®, =cos y/(sin y-sin 3} , R =cosy /(L —iexp(ipsin 7) , ¥ =sp and
7, = SO, . Here we assume, that |L1|2 +|L2|2 =1 (the power of the incoming field is unity). Also, the condition

G| +|G,|" #1 can take place. It should be noted, that G, , = T,, =0, because these coefficients refer to the
fields with the right circular polarization. For simulations we take: | =1, optical contrast A=0,001,
wavelength 4=632,8 nm, core’s refractive index n, =15 and radius r,=81, V=337,
C,=-6,39-10°m™? and D, =-9,98-10°m™.

Consider first the case, when the input port 1 is excited by the OV |1, L> ,thatis L =1 and L, =0. Then for

the outcoming fields the powers T, = |Tl|2 T = |T2|2 of the OVs [LU) and |2,U), correspondingly, can be
written as:

T, =cos*(®, —D,), T_=sin’*(d, - D,). (10)

As has been shown [30], conversion takes place only at a sufficient length of the coupling zone. Fig. 2a

shows general dependence of T, on the coupling length. As is seen, this plot features small-scale variations of

transmission amplitude on the background of a large-scale evolution. The scale of the latter is set by the value of

coupling constants. Also, unless s is sufficiently large, no effective conversion of |1,R) OV into |2,R) OV is

possible. In the areas of fully developed oscillations (Figure 2b) on the background of wavelength-scale
oscillations there are sharp subwavelength peaks of the transmission coefficient. This property opens new
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possibilities in super-efficient all-fiber control of OAM and TC of OVs. The reason for such wavelength-scale
variations is the multibeam interference of OVs with the same TC, which repeatedly tunnel into the loop in the
coupling segment [31].
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Figure 2. Transmission of |1, R) OV vs coupling segment’s length: wavelength-scale oscillations (b)

on the background of large-scale variations (a); red curve is for T, (in input power units).

Temperature control of OV conversion for larger (c) and smaller (d) temperature variations. In (d)
solid blue curve is for T, and red dashed one is for sensitivity S. Parameters: s =s, =2,86 mm; (C) -

d =8,44 cm, (d) - d =84,4 cm. For the blue dotted curve in (c): s=0.8s, .

This property might be also useful for sensor applications. Indeed, Figure 2c shows a temperature
dependence of the transmission coefficient. This curve also features slow and rapid variations; temperature
ranges with rapid variations (Figure 2d) feature higher sensitivity S =d(101gT,)/dT , T being temperature, at
the cost of decreased operation range. It is helpful to note that although the power T, of the |1, R) component

may vary due to instability of the input power, the ratio T, /T_ is independent of such external power variations.

An acknowledged property of fiber resonators is a sharp increasing of the field intensity in the resonance
points. For LRs on multimode fibers this is also the case: Figure 3a shows sharp peaks on A, curve
accompanied with small-scale variations of T, . The same is also true for A_ (not shown). The peak magnitudes
are closely correlated with the fastness of variations of T, . This can be explained as follows. The resonance

points correspond to zeroes of the denominators of R; , which gives four sets of resonance parameters d and s:

S%T’]z = 72'5ﬂ£%(2m +0.5), d%n% = ﬂ,Bl_l(Zn +1.5 - Srlﬁz ,
Si7 = 2f @M +15), dia = 2f H@n+0.5) -7, (1)

where n,m=0,£1,4+2... (provided d >s>0). For example, near the resonance points s one has
S~S, +¢&, &<<5S,,,and:

tan(®, - ®,) [ 2 cot’ [% _K_2J _¢ . 12)

enng, &

The characteristic length & determines the narrowness of spikes on T, curve. Simultaneously, one obtains
1, ,l7n % 4 . : . ,
A= Ztan 1 [ E , Which proves the observed correlation. The ratio A/ £ rather chaotically depends

on the resonance point’s order m (Figure 3b) and, in principle, can be arbitrary large, which opens possibilities
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for increasing sensitivity. Such correlated behavior of T, and A, is characteristic to resonance phenomena.
However, here we have a special type of the resonance associated with TC flipping, at which the output power
vanishes only in, say, |1, R) -component, being redistributed into |2,R) -component.
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Figure 3. Transmission T.. (solid red) and loop  Figure 4. (a) Transmission T, vs wavelength for LRs with

(“starred” blue) A, powver spikes (a) at the d =8,44 cm (solid red curve) and d = 25,33 cm (dashed
resonance point s = sy, in input power units (note green curve); s = s; = 4,855 cm. (b) Transmission vs
identity of the forms of the curves); (b) temperature; green dashed curve: d = 8,44 cm, s=0,88ss;
characteristic length as function of resonance solid red curve: d = 8.44 cm, s = ss; dotted blue curve d =
length’s S, order. LR’s parameters as in Figure 4222 cm, s =Ss,
2.

ev,od
If the LR is excited with the Hermite-Gaussian (HG) modes HG™™ L, L)%[2,L) ,then L =1L, =+1

and from (9) one can ascertain that the HG modes are not changed by the LR, that is, they are eigenmodes of the

LR with eigenvalues exp(id, ;) . Power spikes in the loop can be useful for nonlinear applications. Using the

same procedure as while obtaining (12) one can get for the field in the loop near resonances s-* (upper signs)

_ +
and §;%: |I00p> <l (|1 L> - | 2 L>) . In this way, in the resonances the loop field is given either by even or odd

HG modes, that is by the LR’s eigenmodes. One should stress that studying effects concerned with power
variation of the outcoming OV implies the ability to separate this OV from the complex outcoming field. This
task can be fulfilled using effective existing techniques [34].

Finally, consider wavelength dependence of LR’s transmission. Figure 4a shows typical comb filter-like
dependence with increasing comb’s thickness for values of the loop length. One can estimate here formal
parameters of the LR. For two types of s, and §_ resonance points (narrow and wide peaks) for both loop

lengths the Q-factors are of the order 10° =107, which of the standard performances for such systems. FSR has
the order of 0,001 nm. A more detailed consideration seems redundant unless any assumptions on losses are
made. Drawing analogies with [5] one can expect that this property of transmission curves can be also used for
sensing application. Figure 4b shows that near the resonances LRs exhibit impressive sensitivity to temperature
variations. It is seen that performances of the LR are very sensitive to the deviation from the resonance point. Of
course, for more realistic models that take account of power losses one expects less impressive characteristics.

4. Conclusion

In conclusion, in this paper we have theoretically studied the transmission of OVs through the lossless LR on
multimode fibers. We have shown that by changing the length of the loop and coupling area one can control the
weights of OVs with opposite TCs in the outcoming field. We have shown that in the resonance points such
weights are sensitive to wavelength and ultra-subwavelength variations of the LR’s parameters, in this way
enabling super-efficient TC and OAM control. We have also discussed sensor application of this effect. We have
demonstrated the existence of power spikes in the loop at the resonance, which might be useful for nonlinear
applications. We have also studied the spectral characteristics of OV transmission in LRs and shown feasibility
of comb filters on the basis of the effect of OV’s power control.
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