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ABSTRACT
This paper presents an experimental and theoretical analysis of Raman amplification of OAM modes i.e. beams
carrying orbital angular momentum and spin angular momentum. We show that simple scalar equations are
sufficient to describe the Raman interaction between OAM modes when working in a cyclic basis. The equations
are similar to those used when considering Raman amplification in conventional fibers used for optical
communication. Such fibers are typically single mode and support propagation of LP modes i.e. light that is
linearly polarized. In fibers that support propagation of OAM modes as well as in fibers that support propagation
of LP modes the scalar equations apply when considering very short- fiber lengths or long fiber lengths, only the
proper gain efficiency needs to be used. Here, we discuss the gain efficiency, its material and modal
dependencies and we demonstrate that the Raman gain efficiency among OAM modes in comparison with the
efficiency among LP modes mainly differs due to a typically larger mode size of OAM modes relative to that of
the fundamental LP modes in conventional fibers used for optical communication. In addition, we demonstrate
a mode dependent loss in an optical fibers that support propagation of OAM modes.
Keywords: nonlinear optics, fiber optics, optical amplifiers, OAM modes.
1. INTRODUCTION
Raman amplifiers have attracted significant attention as a means to compensate for the attenuation in optical
fibers, with application to high capacity optical communication. Until recently, research on Raman fiber
amplifiers have focused on optical fibers that supports propagation of linearly polarized (LP) modes. This is
because of several advantages; one is the capability of Raman amplifiers to provide distributed gain and hence
improved noise performance as compared to discrete amplifications schemes [1]. Another advantage is that
Raman amplifiers may provide gain at any signal wavelength assuming existence of a suitable pump. With the
recent interest in using multiple spatial modes as a means to increase the capacity carried by a single optical
fiber, an increasing interest in multimode optical fiber amplifiers have emerged. This has resulted in
demonstration of amplifiers providing for example gain for 36 modes in an erbium doped fiber amplifier [2] or
distributed Raman fiber amplification of orbital angular momentum modes [3]. Within optical communication, it
has been suggested to use modes that carry spin- and orbital-angular momentum (OAM) rather than using LP
modes. Using OAM modes, different communication channels may be carried by modes having different OAM.
In view of Raman amplifiers, OAM modes are interesting since the intensity distribution of modes having
different OAM may be nearly the same. Hence, since the Raman coupling among two modes only depends on
the intensity overlap between the two interacting modes, it is expected that multimode OAM Raman amplifiers
may be designed with a mode in-dependent gain, making them ideal candidates for multimode optical
communications systems. The goal of this work is to describe and quantify the Raman gain efficiency of OAM
modes. We investigate Raman gain in a multimode OAM fiber, and in particular the influence on the Raman
gain efficiency due to the spin- and orbital-angular momentum as well as the influence due to the transverse
intensity profile of the OAM modes and the intrinsic loss in state-of-the-art air-core OAM fibers.
2. OAM MODES
OAM modes are conveniently expressed in a cyclic basis defined by the basis vectors: ߪො േ ൌ ሺݔො േ ݕොሻȀξʹ.
In this basis the OAM modes are described by scalar radial field distributions: ݂κ , where l describes the
topological charge also referred to as orbital angular momentum (OAM). In the electrical field of an OAM mode,
the topological charge appears as a helical phase front where l is the number of radial phase fronts within one
cycle around the propagation axis. Index m describes the radial mode number and is identical to the number of
concentric intensity rings of the beam. ߪො േ  describes the circular polarization of the mode and is referred to as
the spin. Finally, an OAM mode is characterized by its handedness of the OAM and spin, having either the same
handedness, spin-orbit aligned (SOa) modes, or opposite handedness, spin-orbit anti-aligned (SOaa) modes. That
is [4]: SOa modes: ݂ ሺݎǡ ߶ሻߪො േ ݁ േథ ݁ ఉഋ௭ ݁ ିఠ௧ , and SOaa modes: ݂ ሺݎǡ ߶ሻߪො േ ݁ טథ ݁ ఉഋ௭ ݁ ିఠ௧ , where ሺݎǡ ߶ሻ
are the transverse spatial coordinates, and ሺേ݅κ߶ሻ is the helical phase and ߚఓ is the propagation constant of
mode μ. For l >1 the SOa and SOaa modes occur in degenerate mode-pairs, respectively. However, for
appropriate fiber designs the SOa and SOaa mode groups can be non-degenerate, thus enabling stable
propagation without any mode coupling over few kilometers of fibers. It is noted that a major difference between
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LP modes and OAM modes is that ߪො േ for OAM modes is replaced by a unit vector having solely real
components for LP modes. In the following, we investigate Raman interactions among OAM modes, seeded by
the idea that in OAM modes information may be carried by the orbital angular momentum, while the intensity
distribution of OAM mode of same radial order but different topological change is nearly identical.
3. RESULTS AND DISCUSSION
To design the simplest Raman amplifier consisting of a single pump and single signal at separate wavelengths,
one need to solve two coupled equations. If the signal consists of multiple wavelength channels and further
multiple spatial modes at each wavelength, the task involves solving multiple coupled equations. Furthermore, if
multiple pump wavelengths and spatial pump modes are considered, then the number of coupled equations scales
with the number of pump wavelengths and pump modes. In addition, the number of terms per equation that
describe the transfer of energy from pump modes at various wavelengths to the signal modes increases
dramatically with the number of pump wavelengths and pump modes. If furthermore, the signal and pumps
consists of beams having complicated states of polarization, as for example OAM beams, the mathematical
problem gets even more cumbersome since one needs to solve multiple coupled vectorial propagation equations
involving two equations per signal mode and two per pump mode. However, in this work we show that the
vectorial equations may be reduced to scalar equations when solving the equations in a cyclic basis. This holds
for very short fibers where there is no coupling between the mode-pairs within the SOa mode-pairs nor within
the SOaa mode-pairs. It also holds for long lengths of fibers. For sufficiently long lengths of fibers supporting
LP modes, the state of polarization of the pump and signal goes through all states of polarization during
propagation, consequently in such fibers the Raman gain coefficient is half of its maximum [5]. In analog for
long lengths of fibers supporting OAM modes, the polarization state of the pump and signal also evolve into
various polarization states described by the basis of SOa modes or SOaa modes, respectively [6] due to coupling
between the mode-pairs in the SOa mode-pairs or the SOaa mode-pair, respectively. Consequently, the Raman
gain efficiency in long length OAM fibers is also be averaged to half of its maximum [7]. The actual length
needed for the scalar equations to be valid depends of the amplifier configuration. More specifically, when pump
and signal propagate counter directional, the averaging happen over much shorter distances as compared to the
case when the pump and signal are co-propagating. In the following, we consider co-propagating pump and
signal.
In current state of the art single mode optical fibers used for optical communication, typical lengths of fiber
Raman amplifiers are many kilometers long. Consequently, the gain due to the stimulated Raman process
between one pump mode at one wavelength and one signal mode at another wavelength is conveniently
described by two coupled scalar equations; one for the rate of change in signal power and one for the rate of
change in pump power:
ௗೞ

ௗ
ௗ௭

ௗ௭

ൌ ݃ ܲ ܲ ݏെ ߙ௦ ܲ௦

ൌെ

జ
జೞ
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݃ ܲ ܲ௦ െ ߙ ܲ ǡ
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where  ݖis position, ݃ is the Raman gain coefficient, ܲ and ܲ௦ are the pump and signal power levels, ߙ and ߙ௦
are the attenuation rates at the pump and signal wavelengths, and ߥ and ߥ௦ are the frequencies of the pump and
signal. On the right hand side of eqn. (1a) the first term is the gain term, whereas the second term is the intrinsic
fiber attenuation term. The first term on the right hand side of eqn. (1b) is the depletion term while the second
term on the right hand side of eqn. (1b) is the intrinsic attenuation term for the pump.
When characterizing the gain coefficient, the signal power is kept as low as possible and the depletion term
may then be ignored. In fact, ignoring the pump depletion is often a valid approximation, even when considering
design of Raman amplifiers for optical communication systems. Under this assumption, the Raman gain, also
denoted the on-off gain, is simply: ܩோ ൌ ൫݃ ܲ ܮ ൯ǡ where ܮ ൌ ൫ͳ െ ൫െߙ ܮ൯൯Ȁߙ is the effective
length of the amplifier fiber with physical lengthǡ ܮ. It is noted that the signal gain, i.e. the signal output power
relative to the signal input power, is the Raman gain times the intrinsic fiber loss: ሾሺെߙ௦ ܮሻሿ.
The Raman gain coefficient depends on the material and the overlap between the pump and signal intensities.
Mathematically, this is expressed through the Raman susceptibility tensor, ߯ ோ , weighted by the transverse
intensity distributions of the pump and signal, multiplied by the normalized intensity overlap integral between
pump and signal. Denoting the scalar field distributions of the signal and pump ݂௦ and ݂ , respectively, where ݂௦
and ݂ are identified from ݂ , described in Section 2, the Raman gain coefficient is:
మ

݃ ൌ
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మ

మ
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,

(2)

where the first factor of the product is the weighted overlap integral with the material and the second factor is the
intensity overlap between the pump and signal modes. This is the inverse Raman effective area, that for ݂௦ ൎ ݂
equals the inverse effective area of the mode. When considering pump and signals in the fundamental LP01
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mode, ݃ is for a standard single mode fiber typically around 1.4 (W·km)-1 when both the state of polarization of
the pump and signal are linear and parallel to each other and remain so during the entire length of the amplifier.
When describing LP modes, the Raman susceptibility in standard Cartesian coordinates is used. In standard
single mode fibers, i.e. pure silica fibers where the core region is weakly doped with germanium, the Raman
susceptibility is to good approximation described by two quantities A and B provided in Table 1 [8]:
ோ
߯
൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ  ܣ ܤ
ோ
߯
൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ ܣ

ோ
߯
൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ ܤȀʹ
ோ
߯
൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ ܤȀʹ
ሺଷሻ

 כ

ோ
Table 1. In glass the Raman response may be described through the third order induced polarization ܲ ൌ ߝ ߯
ܧ௦ ൫ܧ ൯ ,
where index i,j,k,l refer to the vectorial component and index p,s refer to the pump and signal electric field

where A+B is directly related to the Raman coupling among parallel-polarized beams, whereas B/2 is related to
the Raman coupling among orthogonal polarized beams, e.g. an x-polarized signal and an y-polarized pump. In
pure silica, A is much larger than B, especially at large frequency shift between the pump and signal, and often B
is assumed negligible. When working in the cyclic basis, a scalar description of the Raman interaction, similar to
the one described above between a pump and a signal in optical fibers that support propagation of LP modes may
be used, however, only when the Raman susceptibility is transferred into the cyclic basis [9]. In the cyclic basis,
the Raman susceptibility is shown in Table 2, where the quantities A and B are the same as in Table 1:
ܿ ൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ  ܣ ܤȀʹ
ܿ ൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ Ͳ
ܿ ൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ ܤ
ܿ ൫െ߱௦ Ǣ ߱௦ ǡ ߱ ǡ െ߱ ൯ ൌ  ܣ ܤȀʹ
ோ
Table 2. Raman susceptibility ܿ
in cyclic coordinates ሺ݅ǡ ݆ǡ ݆݇ǡ ݈ሻ  אሺܴǡ ܮሻ where ሺܴǡ ܮሻ is associated with (ߪො ି ǡ ߪො ା ) [7].

From Eqn. (2) and Table 1 and 2 the Raman amplification of a signal with a state of polarization that is parallel
to that of the pump, e.g. having the same spin for OAM modes, but not necessarily the same topological charge,
is nearly identical to what is expected when the pump and signal have the same linearly polarization. In [10] we
have experimentally evaluated a Raman gain efficiency between a pump and signal with similar spin to be close
to 0.7 (W·km) -1, i.e. reduced by a factor of two relative to the Raman gain efficiency among the fundamental
LP01 modes in typical single mode high capacity transmission fibers.
In addition to the material, the Raman gain efficiency is also impacted by the overlap between the region of the
most Raman active material, and the intensity of the pump and signal. In optical fibers, guiding is typically
achieved by raising the refractive index of the guiding region relative to the surrounding material for example by
doping silica with Ge. Since Ge doped silica has a significant higher Raman susceptibility compared to pure
silica, one way to increase the Raman gain efficiency is to ensure that the overlap between the high refractive
index region and the field is maximized, the first factor in eqn. (2). At best, the field is completely confined to
the high index Ge doped region, in which case the weighted susceptibility simply equals the susceptibility of the
material in the region of raised refractive index. Furthermore, to increase the Raman gain coefficient the Raman
effective area needs to be minimized. However, since OAM modes have a phase singularity at the center of the
beam, i.e. at  ݎൌ Ͳ, they are constrained to intensity rings. Thus, even OAM modes at the lowest radial mode
order, m=1, (one intensity ring) have a larger effective area than the fundamental LP01 mode in most
telecommunication fibers. In [10] estimated to be around 160 μm2 , which is approximately a factor of two larger
than the Raman effective area among two fundamental LP modes in typical transmission fibers.
The final part that influences the Raman gain efficiency is the effective length or in effect the attenuation rate
of the pump light and the fiber length. Even though the attenuation of the signal also has a significant impact on
the achieved output signal power as described above eqn. (2), we focus here only on the attenuation at the pump
wavelength. In [10] we showed that the loss depend upon the topological charge of the OAM mode.
To analyze the attenuation in our fiber, we measured the loss of individual modes through the 1.2 km long
fiber. We excited each OAM mode using a spatial light modulator. To measure the loss we used three broadband
super-luminescent diodes. Together they covered a wavelength range from 1200 nm to 1700 nm. The output
light from the OAM fiber was focussed to a multimode fiber, which was coupled into an optical spectrum
analyser used to measure the output spectrum. This was repeated for all the modes SOa and SOaa, for κ ൌ േͷ,
κ ൌ േ, and κ ൌ േ. The reference power was measured by cutting the fiber at 1.5 m. The measured loss curves
are shown in Fig. 1. During the measurements it was observed that the measured loss was the same for the SOa
and SOaa modes, consequently, only one set of curves are shown The results obtained from the three sources are
superimposed as the continuous lines. To confirm the reliability of the method, i.e. consistent coupling into the
multimode pick-up fiber, the cutback measurement was repeated using multiple discrete wavelengths sources
and by coupling the light directly from the OAM fiber into a free-space power meter. These measurements are
included in Fig. 1 as markers and show good agreement with the before mentioned method.
The loss of the fiber has a strong and relative broad peak from 1350 nm to 1450 nm. This wavelength range
agrees with the OH absorption peaks that are present in silica fibers, typically denoted as ‘water absorption’. The
peaks at 1250 nm and 1390 nm corresponds to the OH absorption of SiO2, while the peak at 1420 nm
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corresponds to OH absorption of GeO2 [11]. It is noted, that the intensity of the peak at 1420 nm depends on the
concentration of GeO2 doping in the fiber. In addition, it is interesting to note that the loss increases as ȁκȁ
decreases. We attribute this OH content at the inner boundary of the high index ring, since this is a silica-to-air
interface, in combination with the fact that the lower order ȁκȁ modes have higher intensity at this inner
boundary. Thus, the high loss at the Raman pump wavelength can be attributed to a high OH content in the fiber,
which may be reduced by further optimization of the fabrication process.

Figure 1. Measured loss versus wavelength in OAM fiber with a design as in [10].
Mode 5, 6 and 7 refer to SOa and SOaa mode groups with ȁκȁ equal to 5, 6 and 7.
4. CONCLUSIONs
We have analyzed the Raman gain efficiency in an OAM amplifier. We have shown that simple scalar
differential equations are sufficient to describe the Raman interaction between OAM modes. Finally, we have
demonstrated a mode dependent loss in current state-of-the-art optical fibers.
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