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Mode analysis with a spatial light modulator
as a correlation filter

Daniel Flamm,"* Darryl Naidoo,” Christian Schulze," Andrew Forbes,>* and Michael Duparré’
'Institute of Applied Optics, Friedrich Schiller University Jena, Frobelstieg 1, D-07743 Jena, Germany
*Council for Scientific and Industrial Research National Laser Centre, P.O. Box 395, Pretoria 0001, South Africa

’School of Physics, University of KwaZulu-Natal, Private Bag X54001, Durban 4000, South Africa
*Corresponding author: daniel. flamm@uni-jena.de

Received March 14, 2012; revised April 25, 2012; accepted April 30, 2012;
posted May 1, 2012 (Doc. ID 164710); published June 19, 2012

A procedure for the real-time analysis of laser modes using a phase-only spatial light modulator is outlined. The
procedure involves encoding into digital holograms by complex amplitude modulation a set of orthonormal basis
functions into which the initial field is decomposed. This approach allows any function to be encoded and refreshed
in real time (60 Hz). We implement a decomposition of guided modes propagating in optical fibers and show that we
can successfully reconstruct the observed field with very high fidelity. © 2012 Optical Society of America
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Techniques to achieve a full modal decomposition of
light have been mooted for some time [1-3] and remain
topical due to the physical insights offered from full
knowledge of the field, for example, to study beam qual-
ity dynamics of laser resonators [4], beam quality degra-
dation in high-power fiber lasers [5], and the orbital
angular momentum structure of light [6,7]. Recently
the correlation filter method (CFM) [4,8,9] has been de-
monstrated to retrieve the full information about the in-
vestigated optical field through measurement of only a
few modal amplitudes and phases. To date, such optical
correlation filters have been realized as amplitude-only
or phase-only computer-generated holograms (CGHs)
using corresponding coding techniques [10] being elabo-
rately fabricated via laser lithography [8]. Though highly
accurate measurement results have already been
achieved using these types of CGHs [9,11], they exhibit
an enormous disadvantage: a CGH that is endued with
the spatial field information of a certain set of modes
is limited to analyze only the corresponding type of fiber
or resonator. This requires a priori knowledge of the
field under investigation, both in terms of the modal basis
and the scale parameters within this basis.

In this Letter we overcome this limitation by employing
complex amplitude modulation encoded digital holo-
grams on a liquid-crystal-on-silicon-based phase-only
spatial light modulator (SLM). The advantages of repla-
cing the stationary CGHs by flexible SLMs can be found
in the rapid change of the transmission function and real-
time switching of the digital holograms. Hence, with a
single SLM, an arbitrary and unknown fiber or laser re-
sonator can be investigated since the user is able to itera-
tively adapt the mode set for the decomposition, if, e.g,
the exact fiber properties and thus the spatial informa-
tion about the modes are unknown. Finally, the ubiqui-
tous nature of SLMs nowadays in combination with a
simple experimental setup makes the presented proce-
dure outstandingly suitable for analyzing the modes of
arbitrary laser beams.

By way of example, we consider the modal decom-
position of an arbitrary field U into guided modes
y; in a conventional step-index fiber, where the linearly
polarized (LP) basis set [12] is employed: U(r) = ) ,p;
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exp (i¢))y;(r). The modal weighting coefficients p; may
be found by inner product of the field with a suitable
transmission function, [(Ul|y})| = p;, while the modal
phases ¢, may be extracted by interference with a suita-
ble reference mode [8]. The task is to encode the trans-
mission function 7'(r) = y; (r) onto the SLM by complex
amplitude modulation. By using the technique proposed
by Arrizén et al. [13], this complex valued function
T(r) = A(r) exp [i®(r)], with A €[0,1] and D € [-x, x]
is encoded into a phase hologram H(r) = exp[i¥(r)]
with given unit amplitude transmittance and a certain
phase modulation W(A, ®). In the literature, different
phase modulations W(r) are discussed [10,13], providing
the same information as the original transmission func-
tion T'(r) in a certain diffraction order. In this Letter
we measure in the first order of diffraction and
use Y4, D) =f(A)sin(®), where f(A) results from
J1[f(A)] = 0.6A, with the first-order Bessel function
J1(x) [13]. As phase carrier we employed a sinusoidal
grating with a spatial frequency of 8 line pairs/mm.
The resulting phase modulations for measuring the mod-
al power spectrum of the six lowest-order LP modes are
depicted in Fig. 1.

+17/2

-1r/2

Fig. 1. (Color online) Encoded phase modulations ¥(r) for
measuring the modal power of the six lowest-order LP modes
guided in the step-index fiber under test. (a)-(f): LPy;, LPy,
LP;;., LPyyy, LPsy,, LP5y,. Note that the required phase range
for the SLM is merely =1.27 [13].
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Fig. 2. (Color online) Schematic of the experimental setup.
The SLM acts as a device for arbitrary complex amplitude
modulation of the output modes from the fiber.

SLM

In our setup (Fig. 2) linearly polarized light from an
Nd:YAG laser of wavelength 4 = 1064 nm was coupled
through a microscope objective (MO) into a large mode
area (LMA) fiber (fiber A, V = 4.7 — 6 guided LP modes;
fiber B, V = 2.7 —» 3 guided LP modes). The output plane
of the fiber was relay imaged through a beam splitter
(BS), to a near-field CCD camera (CCD1) and a phase-
only liquid-crystal-on-silicon SLM operating in reflection
mode. The SLM (Holoeye, HEO1080-P with 1920 x 1080
pixels of pitch 8 yum and calibrated for a 2z phase shift
at A = 1064 nm) was programmed with a grayscale image
containing the information about the transmission func-
tions introduced in Fig. 1. The diffracted field from the
SLM was Fourier transformed by lens FL and the signal
detected on CCD2 where the intensities of the correlation
channels were used to infer the modal composition. Care
was taken to ensure that the correct linear polarization
state was selected for a specific orientation of the SLM
screen by use of a polarizer (P). The measurement results
were achieved by utilizing the SLM’s capability for
switching its phase modulation with a frame rate of
60 Hz. Hence, the modal power spectrum was measured
by successively implementing the transmission functions
of Fig. 1 and analyzing the respective diffraction patterns.

In many cases, the fundamental mode operation of a
fiber is of particular interest due to the high beam quality.
In Fig. 3, the measurement and analyzing process of a
fundamental mode-like beam emerging from fiber A is
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Fig. 3. (Color online) Mode analysis of a fundamental mode-
like beam. (a) Measured near-field intensity. (b)-(g) Correlation
answers using the six transmission functions of Fig. 1. (h) Mea-
sured modal power spectrum. (i) Resulting reconstructed near-
field intensity.

0

July 1, 2012 / Vol. 37, No. 13 / OPTICS LETTERS 2479
depicted schematically. Here Fig. 3(a) shows the corre-
sponding measured near-field intensity of the beam that
is illuminating the SLM. The resulting first-order diffrac-
tion patterns, also called “correlation answers,” for mea-
suring the modal amplitudes of the six guided modes are
depicted in Figs. 3(b)-3(g). Note that the information of
the modal amplitudes is directly measured on the optical
axis of the diffracted signal (red crosses). In the case of a
CCD camera, this corresponds to a single pixel. In this
case, a noticeable intensity is only measurable on the op-
tical axis of the correlation answer detecting the modal
power of the fundamental mode. The resulting modal
power spectrum shows that more than 97% of the total
power is guided in the fundamental mode. By addition-
ally measuring the phase differences of the guided modes
to a chosen reference mode [8], the full field information
about the investigated beam becomes available and al-
lows for the reconstruction of the beam’s intensity. Based
on this information, it is our basic principle to compare
the measured [Fig. 3(a)] and reconstructed intensities
[Fig. 3(1)] to ensure the success of the measurement.
In this case, the two-dimensional cross correlation coef-
ficient C [14] of the two intensity signals is 0.98 attesting
an excellent measurement result.

Figure 4 depicts the measurement result of modally de-
composing a beam with higher-order mode content emer-
ging from fiber A. We again measure successively the
modal amplitudes of the six lowest-order LP modes using
the transmission functions presented in Fig. 1. The result-
ing correlation answers are shown in Figs. 4(b)-4(g). Si-
milar to the mode analyzing process of the fundamental
mode-like beam, we again directly measure the modal
power as intensity on the optical axis of the diffracted
signal (red crosses). The resulting modal power spec-
trum [Fig. 4(h)] shows that =60% of the total power is
guided by higher-order modes. The reconstruction of
the beam’s intensity becomes possible by additionally
measuring the intermodal phase delays of the modes.
A comparison of the measured [Fig. 4(a)] and recon-
structed signals [Fig. 4(i)] again confirms the quality of
the measurement process (C = 0.96).
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Fig. 4. (Color online) Mode analysis of a beam with
higher-order mode content. (a) Measured near-field intensity.
(b)—(g) Correlation answers using the six transmission func-
tions of Fig. 1. (h) Measured modal power spectrum. (i) Result-
ing reconstructed near-field intensity.

I‘|321e



2480 OPTICS LETTERS / Vol. 37, No. 13 / July 1, 2012

(@)

(c) Modal power spectrum

©

LPO1 LP11e LP110

Fig. 5. (Color online) Mode analysis of a fundamental mode-
like beam. (a) Measured near-field intensity. (b) Spatially sepa-
rated correlation answers using the multiplexing technique.
(c) Measured modal power spectrum. (d) Resulting recon-
structed near-field intensity.

As already pointed out, it is a basic advantage of
the CFM to perform real-time measurements, while the
information about modal amplitudes and intermodal
phase differences is directly accessible as an intensity
signal; no further numerical evaluation is necessary. In
the case of employing an SLM as the correlation filter,
the comparatively large pixel pitch limits the implemen-
tation of high-carrier frequencies and, thus, the number
of multiplexed transmission functions that can be en-
coded. For this reason, the measurements leading to
the results depicted in Figs. 3 and 4 have been achieved
by successively implementing the respective transmis-
sion functions onto the SLM. The temporal effort of
the measurements presented here is in the range of some
seconds and is limited by the automation control be-
tween camera and SLM, but in principle the SLM used
in this study can refresh at rates of 60 Hz. If there is only
a small number of modes to be investigated, then the mul-
tiplexing technique [8] can also be applied to the SLM
successfully so that the measurement rate is increased
significantly. By using the conventional CCD cameras
of our setup, we are able to monitor the model ampli-
tudes of few mode fibers simultaneously with rates of
15 Hz. This ability is shown here exemplarily for analyz-
ing a fundamental mode-like beam guided from fiber B. In
Fig. 5(a)we plotted the measured near-field intensity. A
detail of the corresponding diffraction pattern is depicted
in Fig. 5(b) and shows the spatially separated correlation
answers recorded simultaneously for measuring the
modal amplitudes of the three guided LP modes. At
the same time, we measured the intermodal phase differ-
ences of the higher-order modes to the fundamental
mode by implementing four additional transmission

functions [8]. However, for reasons of space, the
corresponding correlation answers of the phase mea-
surements are not shown here. The modal power
spectrum measured from the single camera recording
and the resulting reconstructed near-field intensity can
be seen in Figs. 5(c) and 5(d), respectively. The maxi-
mum number of multiplexed transmission functions will
strongly depend on the type of fiber. In the case of step-
index fibers with comparatively smooth mode profiles,
up to five modal amplitudes can be measured simulta-
neously using the specified SLM.

To conclude, we have introduced a versatile measure-
ment procedure that employs digital holograms by com-
plex amplitude modulation as correlation filters for the
modal decomposition of arbitrary laser sources. We have
demonstrated the efficacy of this approach by success-
fully decomposing the guided modes of a step-index fiber
into the LP basis functions using a phase-only SLM as the
encoding device and then reconstructing the near-field
pattern from the resulting modal weights and phases.
The reconstructed intensities are in very good agreement
with the experimentally measured patterns. This techni-
que can be used to as a tool to study passive fibers and
fiber lasers, superposition fields carrying orbital angular
momentum for classical and quantum applications, and
as a mode demultiplexing scheme in future telecommu-
nication systems.
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