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Photon self-induced spin-to-orbital conversion in a terbium-gallium-garnet crystal
at high laser power
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In this paper, we present experimental evidence of a third-order nonlinear optical process, self-induced spin-
to-orbital conversion (SISTOC) of the photon angular momentum. This effect is the physical mechanism at the
origin of the depolarization of very intense laser beams propagating in isotropic materials. The SISTOC process,
like self-focusing, is triggered by laser heating leading to a radial temperature gradient in the medium. In this
work we tested the occurrence of SISTOC in a terbium-gallium-garnet rod for an impinging laser power of
about 100 W. To study the SISTOC process we used different techniques: polarization analysis, interferometry,
and tomography of the photon orbital angular momentum. Our results confirm, in particular, that the apparent
depolarization of the beam is due to the occurrence of maximal entanglement between the spin and orbital
angular momentum of the photons undergoing the SISTOC process. This explanation of the true nature of the
depolarization mechanism could be of some help in finding novel methods to reduce or to compensate for this
usually unwanted depolarization effect in all cases where very high laser power and good beam quality are
required.
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I. INTRODUCTION

There are several optics experiments in the world where
both high laser power and excellent beam quality are simulta-
neously mandatory. For instance, this is the case for the next
generation of optical interferometers used to detect gravita-
tional waves, where high laser power, of the order of 200 W, in
the fundamental mode, is required to increase the detector
sensitivity [1–3]. Thermal effects appearing in high-power
lasers or in the bulk optical components exposed to high laser
power due to non-negligible absorption can strongly affect the
beam quality. In solid state lasers, thermal gradients within
the laser medium cause refractive index changes leading to
thermal lensing, aberrations, and birefringence. In particular,
the thermally induced birefringence is known to introduce a
depolarization of the light that becomes the limiting effect on
power scaling [4–6]. Ways to compensate for this effect have
been recently proposed [6–8], thus opening the possibility to
realize high-power and high-quality continuous-wave lasers
that could be used in gravitational wave interferometers or
in other applications. The Faraday isolator (FI) is one of the
components to be most strongly affected by thermal effects
and is fundamental for the success of gravitational wave
optical experiments. The magneto-optic crystal used in the
FI is terbium-gallium-garnet (TGG) which has a relatively
high absorption (generally higher than 1000 ppm cm−1) [9].
This absorption creates an overall temperature increase of the
magneto-optic crystal and generates a nonuniform temperature
distribution over the transverse cross section of the optical
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element. Both effects can significantly impact Faraday isola-
tion when going to high power. The first effect is associated
with the Verdet constant change and is detailed in [10]. The
second effect is associated with mechanical stresses induced
by a temperature gradient and gives the main contribution to
the apparent depolarization of high-power laser beams and to
the consequent deterioration of the degree of isolation [7].

In the present paper, we aim to demonstrate that the
mechanism creating the depolarization and therefore spoiling
the Faraday isolator performance is a self-induced partial
spin-to-orbital conversion (STOC) of the input photon spin
angular momentum (SAM) into orbital angular momentum
(OAM) [11–13]. The self-induced STOC, or SISTOC, in fact,
may put some photons of the input beam into particular
states where the photon SAM and OAM are maximally
entangled. The apparent depolarization of the beam is a direct
manifestation of the decoherence of two quantum degrees of
freedom (the photon SAM, here) when they are entangled. The
depolarization is said to be “apparent,” here, because it could
be removed, for example, by a quantum erasing apparatus [14].

In order to gain a deeper insight into the SISTOC process we
used three different techniques: polarimetry, interferometry,
and full OAM tomography in the photon spin-orbit space.
Our experiments were carried out with the input laser beam
polarized either linearly or circularly. As expected from the
theory, SAM-OAM entanglement and apparent depolarization
of the photons converted by SISTOC was found only in the
case of a linearly polarized incident beam. In the case of
circular polarization, there is no SAM-OAM entanglement
and the SISTOC converted photons were found to be in
OAM eigenstates with full circular polarization with helicity
depending on the helicity of the input beam.
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II. PHOTOELASTIC EFFECT BY RADIAL THERMAL
GRADIENT AND INDUCED BIREFRINGENCE

In the case of a high-intensity TEM00 Gaussian beam, the
optical material experiences temperature gradients imprinted
by the bell-shaped beam profile. These gradients introduce a
mechanical stress in the material, creating a birefringence with
a radial symmetry. In isotropic materials [15], the birefringence
axis follows the radial direction, along the temperature
gradient, and the birefringence optical retardation δ(r) depends
only on the radial coordinate r . The temperature-induced
birefringence retardation δ(r) can be found by solving the
thermal and elastic problem in the material [7,16]. In the case
of a Gaussian heat source, δ(r) is given by

δ(r) = αP0Lϒ

κλ

(
1 + −1 + e−2r2/r2

0

2r2
/
r2

0

)
, (1)

where λ is the optical wavelength, r0 is the beam radius
at the rod position, α and κ are respectively the absorption
coefficient and the thermal conductivity of the material, and
ϒ is an effective optoelastic coefficient. Taking typical values
for TGG [16], ϒ = 4.7 × 10−6 K−1, α = 1500 ppm cm−1,
κ = 7.4 W m−1 K−1, L = 18 mm, and considering an incident
power P0 = 125 W, we found δ

2 � 5.7◦. We may then consider
δ(r)

2 in Eq. (4) below as a small quantity. However, the key
point in producing the SISTOC effect is the radial direction
of the local optical axis in the heated material, as shown in
Fig. 1. In fact, the indefinite birefringence direction located
at the center of the heated medium creates a topological
singularity of charge q = 1 which is transferred into the
phase of the optical beam, leading to a vortex light beam
carrying OAM. We may regard the heated material as a q plate,
an optical device recently developed for orbital angular
momentum manipulation exploiting the STOC process [11].
The local orientation ψ of the optical axis in the plane of the
q plate is generally written as ψ = qφ + α0 [11], where φ is
the azimuthal angle, leading to the analogy between the q plate
and the heated TGG for q = 1 and α0 = 0. q plates are usually
made with liquid materials and their optical retardation δ is
uniform, whereas the optical retardation of the heated TGG
has the radial distribution (1). The effect of the heated TGG
on a polarized beam can be calculated in the same way as for

FIG. 1. (Color online) Temperature distribution in the TGG
transverse plane. The arrows show the temperature gradient as well
as the local direction of the thermally induced birefringence axis.

the q plate, using the Jones matrix formalism and taking into
account the radial dependence of the optical delay.

III. SISTOC PROCESS

The Jones matrix F̂ (r,φ) representing the heated material
is given by [11]

F̂ (r,φ) = R̂(φ)

(
e−iδ(r)/2 0

0 eiδ(r)/2

)
R̂(−φ), (2)

where δ(r) is given by Eq. (1) and R̂ is the rotation matrix of
angle φ,

R̂ =
(

cos φ sin φ

− sin φ cos φ

)
. (3)

Let us consider a high-power TEM00 Gaussian beam imping-
ing on the TGG rod. In the case of circular polarization, the
input optical field is Ein = E0(r)e±, where e± = (ex ± iey)/√

2. The output field Eout(r,φ) = F̂ (r,φ)Ein transmitted be-
yond the heated rod is calculated from Eq. (2) as

Eout(r,φ) = E0(r)

(
cos

δ(r)

2
e± − i sin

δ(r)

2
e±2iφe∓

)
. (4)

The first term on the right of Eq. (4) proportional to cos δ/2
has the same circular polarization and radial dependence as
the input field. We will refer to this term as the unconverted
part of the input beam. The unconverted part of the beam
carries no OAM. The second term, proportional to sin δ/2, has
opposite circular helicity and presents the characteristic phase
factor exp(±2iφ), corresponding to the definite OAM content
of ±2h̄ per photon. This term is the part of the input beam that
was converted by the SISTOC process. Each photon in the
converted part of the beam has its SAM changed by ∓2h̄ and
its OAM changed by ±2h̄, thus leaving the total (SAM+OAM)
angular momentum conserved, which is a peculiar feature of
the STOC process [11]. From Eq. (4) we see that δ(r) and,
hence, the fraction of photons that are converted by STOC,
depends on the power P0 carried by the beam itself, which
is the characteristic of the self-induced third-order nonlinear
optical process. We may then regard the SISTOC as a thermally
induced nonlinear process as self-focusing, but able to change
the OAM content of the beam.

In the case of the input beam being linearly polarized along
the x axis, the input optical field is Ein = E0(r)ex , and the
field transmitted beyond the heated material is given by

Eout(r,φ)

= E0(r)

(
cos

δ(r)

2
ex − i sin

δ(r)

2
(cos 2φ ex + sin 2φ ey)

)
.

(5)

From Eq. (5) we see once again that the term proportional
to cos δ/2 is the unconverted part of the input beam, while
the other term, proportional to sin δ/2, is the part converted
by SISTOC. However, unlike the previous case, where the
SISTOC converted photons were circularly polarized, in this
case the converted part is a coherent, maximally entangled,
superposition of the left- and right-circular polarizations and
the ±2h̄ eigenstates of the photon OAM. This spin-orbit
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FIG. 2. (Color online) Expected far-field beam profile of
SISTOC converted modes calculated from Eq. (6). Left-circular
input polarization (a); x-linear-input-polarization x component (b);
y component (c).

entanglement is precisely the ultimate reason for the apparent
complete depolarization [17] of the converted field noticed in
previous works [7].

Our measurements were carried out in the far field beyond
the heated TGG material. In order to compare the experimental
data with theory, we must Fourier-transform the field given in
Eqs. (4) and (5). For a Gaussian input field, the result is

Efar
SISTOC = 3παP0Lϒr2

0

κλ

e−3ρ2/2

ρ2
(1 − eρ2 + ρ2)

×
{
e2iφe−,

(cos 2φ ex + sin 2φ ey),
(6)

where ρ = (
√

2πw0/
√

3λz)r ′, and r ′ is the radial coordinate
in the far-field transverse plane ad distance z. In calculating
Eq. (6), we considered only the SISTOC part of the output
beam in the limit of small δ. The upper row in Eq. (6) refers
to the case of left-circular polarization of the input beam and
the lower row the case of the linear polarization along x. In
Fig. 2 we show the calculated far-field transverse profiles of
the SISTOC part of the beam. In the case of input left-circular
polarization [Fig. 2(a)], the intensity takes the typical doughnut
profile of the OAM eigenstates. In the case of input linear
polarization the intensity profile of the x and y components
of the far field have four-leaf-clover shapes rotated by 45◦
with respect to each other [Figs. 2(b) and 2(c), respectively].
Finally, we notice that in view of Eq. (6) the power fraction
converted by the SISTOC process scales as the square of the
incident power, as shown in Fig. 3 and found in previous
experiments [7].

In our experiments we used a 〈111〉-cut TGG rod (diameter
20 mm, length 18 mm) from Northrop Grumman with an
absorption of 1500 ppm cm−1. The laser source was a high-
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FIG. 3. (Color online) Fraction γ of the incident power converted
by the SISTOC process as a function of the incident power P0. The
fit (solid curve) confirms the square dependence.

FIG. 4. (Color online) Measurement of the intensity mode profile
of the SISTOC light in TGG with the linear input polarization at
P0 = 125 W. A half-wave plate placed in front of the second PBS
is adjusted to obtain a minimum of transmission beyond the second
polarizer, in order to have only the SISTOC light transmitted. A
four-leaf-clover shape is observed beyond the second PBS. QWP
indicates a quarter-wave plate.

power diode-pumped ytterbium fiber laser from IPG photonics
delivering up to 200 W at a wavelength close to 1064 nm. We
set up several experiments to analyze the SISTOC part of
the beam emerging from the heated TGG material. When the
input beam was linearly polarized along x, we isolated the
converted part of the output beam using a half-wave plate at
45◦ and a linear polarizer aligned along x (see Fig. 4). Only the
y component of the emerging field was analyzed, because the
x component was overwhelmed by the unconverted part of
the input beam. The far-field intensity profiles of the radiation
converted by SISTOC were detected by a charge-coupled
device (CCD) camera. The experimental intensity profiles are
shown in Fig. 4 for the case of linear input polarization and in
Fig. 5 for the case of circular input polarization. As we see, the
observed patterns in Figs. 4 and 5 are in very good agreement
with Figs. 2(c) and 2(a), respectively. The transition from the
doughnut to the four-leaf-clover profile is evident.

IV. THE EXPERIMENTAL STUDY OF SISTOC
IN A TGG CRYSTAL

To prove that the SISTOC converted beam acquires the
phase azimuthal dependence exp(2iφ) corresponding to the
OAM eigenvalue 2h̄ per photon, we arranged the interfer-
ometer shown in Fig. 6. To isolate the SISTOC converted
field, we used the same setups shown in Figs. 5 and 4. The

FIG. 5. (Color online) Measurement of the intensity mode profile
of the SISTOC light in TGG with the circular input polarization at
P0 = 125 W. The first quarter-wave plate makes the polarization left
circular on the TGG material and the second quarter-wave plate at
45◦ turns back the polarization into linear along y to be reflected by
the second PBS. A doughnut-shaped vortex beam is observed beyond
the second PBS.
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FIG. 6. (Color online) The SISTOC light was isolated as in the
previous experiments. The second polarizer, however, transmits a
small part of the unconverted light too. The converted and unconverted
fields sent into the interferometer have orthogonal polarizations. The
unconverted light is used as reference beam and sent into the upper
arm of the interferometer. The reference beam passes twice through
a quarter-wave plate to send back the whole field to the output of the
interferometer. The mirror of this arm is placed on a translation stage
to adapt the differential length of the two arms. A lens makes the ref-
erence beam wave front curved. The SISTOC beam is sent into the
other arm of the interferometer. The reference and the SISTOC beam
interfere in the output polarizer at 45◦. The fringe pattern is observed
by the CCD camera.

only difference was the polarization quality of the second
polarization beam splitter (PBS), voluntarily chosen as the
worst so as to transmit, together with the converted field
generated by the heated material, a small fraction (about
ε = 1/1000 intensity) of the x-polarized unconverted light.
Therefore, at the entry of the interferometer, we have the sum
of two fields into orthogonal polarizations, viz.

Einterf = √
εE0(r)ex + [ESISTOC(r,φ) · ey]ey. (7)

where ESISTOC(r,φ) is given by Eq. (6). It is worth noting
that the two terms on the right of Eq. (7) have a different
OAM content and different polarization. The first term was
unconverted by SISTOC and is left in the TEM00 mode with
no OAM, while the second term is converted into a linear
combination of the OAM eigenvalues ±2h̄, in general. The
unconverted part of the field was used as reference and it was
sent into the upper arm of the interferometer and the SISTOC
converted field was sent into the other arm. The two fields

FIG. 7. (a) The simulated pattern; (b) interference pattern ob-
tained on the CCD camera of the setup shown in Fig. 6 for P0 = 150 W
and linear input polarization along x. The π phase shift between each
lobe of the four-leaf clover may be noticed.

FIG. 8. (a) The simulated pattern; (b) interference pattern ob-
tained on the CCD camera of the setup shown in Fig. 6 for P0 = 100 W
and left-circular input polarization. The two-branch spiral shape
characteristic of the OAM eigenvalue 2h̄ may be noticed.

were made to interfere in the polarizer oriented at 45◦ and the
fringe pattern was detected by the CCD camera. The observed
interference pattern for the linear input polarization is shown
in Fig. 7 on the right. The interference pattern reveals a π phase
shift between each lobe of the four-leaf clover. This pattern is
completely in agreement with that calculated from Eq. (6) and
shown on the left of Fig. 7.

The calculated and observed interference patterns for the
circular input polarization respectively are shown on the
left and right sections of Fig. 8. In this case, the two
patterns exhibit the two-branch spiral shape characteristic
of the OAM eigenvalue 2h̄. To complete the analysis of
the OAM content of the SISTOC converted light, we made
a full OAM tomography of the SISTOC light generated
by the heated TGG rod. The main advantage of the OAM
tomography is its capability to measure both amplitude and
relative phase of the OAM components of a light beam [18].
In our case, the polarization of the collected SISTOC light
is fixed to be orthogonal to the input beam, so only the
tomography of the OAM content of the beam is required.
Moreover, the cylindrical symmetry of the system, allows us
to restrict the tomography to the two-dimensional Hilbert space
spanned by the eigenvectors of the photon OAM with opposite

FIG. 9. (Color online) Patterns of the holograms used in the
experiment. The holograms in the same column correspond to the
two eigenstates of Pauli’s operators σ̂z,σ̂x,σ̂y in the 2D Hilbert space
spanned by the OAM eigenstates of σ̂z. Each hologram corresponds to
the OAM state reported in the upper left corner. The state notation is
the same as used for the photon SAM, but the corresponding symbols
are put in lower case to indicate OAM.

043806-4



PHOTON SELF-INDUCED SPIN-TO-ORBITAL . . . PHYSICAL REVIEW A 82, 043806 (2010)

a

2

2
2

2
0

1
2

1

Re ρ

2

2
2

2
1

1
2

0

1
2

1

Im ρ

b

2

2
2

2
1

1
2

0

1
2

1

Re ρ

2

2
2

2
1

1
2

0

1
2

1

Im ρ

FIG. 10. (Color online) Experimental density matrix for (a) left-
circular input polarization and (b) linear input polarization along x.
The left and the right charts show the real and imaginary parts,
respectively. The OAM eigenvalues are in units of h̄.

eigenvalues ±2h̄. In our experiment, we used the holographic
tomography technique [18,19] already used in single-photon
OAM-based experiments [20,21]. This technique exploits the
six computer-generated holograms shown in Fig. 9. We made
these holograms by a photographic technique, starting from
computed images. After chemical bleaching, the first-order
diffraction efficiency of our holograms was about 10% at
1064 nm wavelength. The measurements were made by
carefully aligning each hologram with the SISTOC beam trans-
mitted by the heated TGG rod and collecting the “TEM00-like”
spot of the far field in the first-order diffraction direction [18].
The far-field spot was collected at the focal plane of a
microscope objective and filtered through a small-aperture
iris. This technique, in fact, projects any unknown photon
OAM state onto the OAM state fixed by the hologram [18].
The two-dimensional (2D) OAM subspace considered here is
isomorphic to the 2D space of the photon spin. We may think
of the holograms in Fig. 9 as equivalent to polarizers acting in
the spin space. The holograms in the first column correspond
to polarizers selecting the left (l) and right (r) circular

polarizations; the holograms in the second column correspond
to polarizers selecting the horizontal (h) and vertical (v)
polarizations; the holograms in the third column correspond
to polarizers selecting the antidiagonal (a) and diagonal (d)
polarizations, as indicated in the upper left corner of the
images. In complete analogy to the polarization state analysis,
we measured the “Stokes-like” parameters s3 in each one of the
three above-mentioned bases so as to reconstruct the density
matrix of the OAM state [19]. The real and imaginary parts of
the density matrix obtained from our measurements are shown
in Fig. 10 for the circular input polarization (a) and the linear
input polarization (b). The fidelity of the SISTOC process for
the cases of circular and linear input polarizations is 0.98 and
0.86, respectively, which are promising results and show that
our experimental results are in a very good agreement with
our theoretical model [22]. As expected from Eq. (6), in the
case of the circular input polarization, the SISTOC converted
photons are put into the OAM eigenstate 2h̄, while in the case
of the linear input polarization, the state of the y component
of the SISTOC photons is an equally weighted antisymmetric
superposition of the OAM eigenstates 2h̄ and −2h̄.

V. CONCLUSIONS

We have proved by a series of experiments, including
full OAM state tomography, that the apparent depolarization
observed when a very high-power laser beam passes through
a medium is due to a thermally induced third-order pro-
cess, namely, self-induced spin-to-orbital conversion, where a
power-dependent fraction of the incident photons converts its
angular momentum from spin into orbital. Our experiments
are in full agreement with a model where the SISTOC
conversion is limited to the 2D OAM subspace spanned by
the OAM eigenstates ±2h̄ per photon. The SISTOC process is
triggered by the birefringence induced in the material by radial
temperature gradient due to light absorption. The fraction
of light suffering the SISTOC process remains proportional
to the square of the input laser power up to about 100 W.
The light depolarization is apparent because it is not due to
random dephasing of the polarization components, but to the
entanglement between the photon SAM and the OAM degrees
of freedom. A suitable quantum erasing scheme could remove
such entanglement so that the SISTOC component could be
removed from the beam. We studied the SISTOC process in
a TGG Faraday isolator, but the process is very general and
it may occur in isotropic materials, as, for example, Nd:glass
rods under strong pumping conditions.
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