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Ultrashort pulses emerging from multimode optical fibers are spatiotemporally complex, because inside these
fibers the modes have different spatial intensity patterns and experience different propagation velocities and dis-
persions. To determine the spatiotemporal field from multimode fibers, we applied a technique for the complete
measurement of the output pulses called a spatially and temporally resolved intensity and phase evaluation device:
full information from a single hologram. It yields the complete electric field over space and time from multiple
digital holograms, simultaneously recorded at different frequencies on a single camera frame. Using femtosecond
pulses from a Ti:sapphire laser, we measured the first few linearly polarized modes (LPy;, LP;;, LPy,, and LP,;)
inside several few-mode fibers. We also generate movies displaying the measured spatial, temporal, and spectral
field features. © 2017 Optical Society of America

OCIS codes: (320.0320) Ultrafast optics; (320.7100) Ultrafast measurements; (060.2310) Fiber optics; (090.1995) Digital
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1. INTRODUCTION

Multimode fiber (MMF) is now receiving increasing attention.
This is partly because MMF can play an important role in ex-
panding the transmission volume in optical telecommunica-
tions. With their larger core areas, MMFs allow mode-division
multiplexing and hence a significant increase in the number of
available data channels [1]. Data transmission using the first
few linearly polarized (LP) modes has also been reported [2].
Terabit-scale transmission has also been achieved using modes
that conserve orbital angular momentum both in free space [3]
and in optical fibers [4]. In addition, using MMF mode inter-
ference, numerous sensors have been developed to measure
refractive index, temperature, microdisplacement, and other
important quantities, and are quite attractive due to their high
sensitivity, and easy yet inexpensive fabrication [5]. Also,
MMFs have been used in waveform control [6,7], microendo-
scopic imaging [8], and biophotonics manipulation [9]. For in-
tense pulses, the large core areas of MMFs provide high damage
thresholds for applications such as fiber-laser amplification
[10], intense pulse delivery [11], and generating nonlinear
optical effects (such as supercontinuum generation) [12].
Essentially all applications of MMFs depend on the infor-
mation of the optical fields, including quantities such as the
total power, chromatic dispersion, spatial mode pattern, and
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mode dispersion. Due to the different spatial and temporal
behaviors of various MMF modes, the output fiber fields are
in general spatiotemporally complex, especially when ultrashort
pulses are involved; the various modes can merge in time and
spread in length by differing amounts due to mode-dependent
dispersions, as in Fig. 1.

Characterization of such complex ultrashort pulses in gen-
eral has never been a trivial task. Modern ultrafast laser pulses
contain temporal variations faster than the detectable limit of
electronics, so they can be characterized only in detail by non-
linear optical approaches. Frequency-resolved optical gating
(FROG) [13] is a well-known measurement method, yielding
a pulse temporal intensity and phase measurement. Many vari-
ous designs of FROG have been demonstrated over the years
for different pulse durations and wavelengths. Unfortunately,
FROG requires pulses to be smooth in spatial variations, and
it only yields the pulse temporal profile. A simple, single-shot
version of FROG, named GRENOUILLE [14], can character-
ize a few first-order spatiotemporal distortions in addition
[15,16]. Pulses emerging from MMFs, however, can usually
be more complex in space and time. To understand ultrashort
pulse propagation in MMFs, it is helpful to perform the com-
plete measurement to yield the field intensity and phase over
time and space simultaneously.
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Fig. 1. Spatial, temporal, and spectral pulse field structures, due to
multiple LP modes in propagation in MMFs.

Numerous characterization methods have been demon-
strated to measure MMF output signals. They include spatially
and spectrally resolved ($?) imaging [17], cross-correlation (C?)
imaging [18], fast camera measurement [12], and time-gated
spatial heterodyne interferometry [19]. These methods can ex-
tract very useful information regarding the measured optical
field, such as the multipath interference [17]. However, they re-
quire scanning over space, wavelength, or time to capture the
field information, which sets requirements on the laser source
stability, optomechanical accuracy, and the pulse time needed
to perform the measurement. Also, these methods usually re-
quire assumptions on the modal fields in order to reconstruct the
full spatiotemporal field. Other methods, such as computer-
generated holographic correlation filtering [20] and mode-
decomposition analysis based on field intensity profile [21], have
also been proposed for optical fiber field measurements.
However, they can be complex in setup or computation, require
stable modal contents among modes, and measure only a certain
set of modes known to be present. A quick and complete method
for measuring MMF pulses would therefore be beneficial.

2. METHOD

To measure the complete spatiotemporal intensity and phase,
we have developed a pulse characterization technique called
spatially and temporally resolved intensity and phase evaluation
device: full information from a single hologram (STRIPED
FISH) [22-24]. STRIPED FISH requires a spatially filtered
reference pulse to be measured first by a FROG. Then,
STRIPED FISH generates multiple holograms by crossing
the unknown pulse beam with the reference pulse beam at dif-
ferent frequencies, with all holograms recorded by a single cam-
era frame. This device only needs a single camera frame and
thus no scanning, and by retrieving the holograms, it measures
the unknown pulse field E(x, y, r) over space and time (the
field z dependence can be determined by performing diffrac-
tion integrals). In this work, we use STRIPED FISH to mea-
sure pulses from several few-mode fibers. In each measurement,
we analyzed the STRIPED FISH trace, retrieved the pulse field,
and plotted the pulse movie based on measured data to display
the mode field spatial, temporal, and spectral variations.
STRIPED FISH apparatus is shown in Fig. 2. It comprises
(1) a two-dimensional coarse grating as a diffractive optical
element (DOE), fabricated by photomasking a quartz plate
with chrome opaque coatings; (2) an interference bandpass fil-
ter (IBPF) to spectrally resolve the pulse; (3) associated imaging
optics to image the holograms onto the camera frame with
minimal aberrations; and (4) a camera to record multiple
holograms [23]. Specifically, STRIPED FISH crosses the un-
known and reference beams at a vertical angle at the DOE. The

Fig. 2. Conceptual schematic of STRIPED FISH apparatus (left),
showing only the key optical components. A spatiotemporally known
reference pulse (spatially filtered and measured in time by FROG) and
a potentially complex, unknown pulse are interfered on a camera, gen-
erating a tilted array of multiple digital holograms, each at a different
frequency (right).

DOE diffracts both beams into multiple orders in both horizon-
tal and vertical directions. We also slightly rotate the DOE in
order to generate a tilted hologram array, so that the resulting
pairs of diffracted beams propagate at different horizontal angles
relative to the IBPF. The IBPF then spectrally filters out the
beams, with the passband depending on the beam incidence
angle. We also use an apodizing neutral density filter (ANDF),
which is an element with a radially decreasing optical attenuation
to compensate the diffraction efficiency imposed by the DOE to
multiple diffractive orders. A pair of photographic lenses are
also applied to reduce the optical aberrations related to the
off-axis beam propagations. As a result, each beam pair transmits
through the IBPF at a different wavelength and forms a holo-
gram on the camera. Each digital hologram then contains the
information required to compute the spatial intensity and phase
at that particular wavelength. The recorded multiple holograms
form the STRIPED FISH trace [25], which is sufficient to de-
termine the unknown pulse complete spatiotemporal intensity
and phase using a Fourier synthesis algorithm. We have previ-
ously demonstrated STRIPED FISH to measure complex pulses
[23]. For MMF output pulses, we apply our STRIPED FISH
apparatus to measure the spatiotemporal modal field, which
determines the pulse arrival time, dispersions, and spatial field
patterns of various modes emerging from the fiber.

After retrieving the spatiotemporal electric field E(x, y, £) of
a pulse, the multidimensional E(x,y,#) quantity contains
much information that is difficult to be plotted in a conven-
tional manner. Two-dimensional plots of E(x, #) or E(y, ),
such as such those in Ref. [22], are appropriate to show the
pulse-field information when there is cylindrical symmetry
or when only one-dimensional pulse information is of interest.
The multidimensional complex field that we obtain from
STRIPED FISH requires dynamic three-dimensional pulse-
field plots demonstrating both intensity and phase information
over two spatial dimensions and one temporal dimension at the
measurement plane. To present the information intuitively as
the human eye would see it, supposing its response time were
fast enough to resolve ultrashort pulses, we use a spectrogram-
based plotting method: the measured spatiotemporal unknown
field E(x, y, #) is gated by a numerical Gaussian temporal gate
2(z - 1), yielding spectrograms at each space-time voxel:
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Sp(x, 9, w,7) = ‘ / E(x, 5, 1)g(z - 7) exp(-iwr)dz| .

The collection of spectrograms Sp(x; y, w, 7) represents the
spectral energy distribution of the pulse for the spatial coordi-
nates (x, y) in each gated local temporal segment at 7. We then
color-code these spectrograms into delay-dependent color in-
tensity distributions by calculating overlap integrals with spec-
tral response functions, in which the long, middle, and short
wavelengths of the pulse spectrum are represented by red,
green, and blue colors. Specifically, they are

R(x, p, 1) = /°° Sp(x, 3, w, 7) R(w)dw,

G(x, 3,7) = /oo Sp(x, 9, 0, 7) G(w)dw,

B(x,y,7) = / * Sp(x, 3, 7) B(w)dav.

The R, G, and B functions are all spectral response functions,
defined based on the overall span of the pulse spectrum. In
this work, the R(w) is a Gaussian function centered at
2.29 rad/fs (823 nm); G(w) is a Gaussian function centered
at 2.36 rad/fs (800 nm); B(w) is a Gaussian function centered
at 2.42 rad/fs (777 nm). Their RMS widths are all 0.0316 rad/fs.
From these color distributions, we plot a movie as a function of
x, ¥, and 7 to display all the information.

3. EXPERIMENT

Our experimental setup for MMF output-pulse measurement is
shown in Fig. 3. Pulses from a Ti:sapphire laser (about 60 fs in
duration, 23 nm FWHM) centered at 800 nm were sent through

Fig. 3. Apparatus for self-referenced measurement setup to measure
pulses from MMFs. A spatial filter made of two lenses and a pinhole,
and a FROG device (GRENOUILLE) yield a spatiotemporally
smooth reference pulse. A pulse compressor introduces negative chirp
to precompensate fiber dispersion for better mode separation and dis-
crimination. Adjusting the alignment of fiber coupling optics can con-
trol the energy coupled into each mode. The STRIPED FISH device is
shown in the bottom-left figure. The bottom-middle figure is a picture
of the fiber coupling stage with two coupling objective lenses. The
inset in the figure on the bottom-right shows the results for the cases
of on-axis and off-axis alignments, and their intensities output from

the SMF980 fiber.
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a spatial filter consisting of two lenses (of focal lengths 200 mm
and 100 mm) and a pinhole (75 pm in diameter). When the
flip mirror (FM) was in the beam, the spatially filtered pulse
was characterized by a FROG device (Swamp Optics,
GRENOUILLE, model 8-50). When the FM was out of beam,
a beam splitter (BS) reflected part of the pulse energy (~10%) to
serve as the reference pulse, which was then synchronized by a
translation stage to interfere with the unknown pulse. The
remaining majority of the pulse energy passed through a single-
prism pulse compressor (Swamp Optics, BOA) [26], which
introduced negative chirp to the pulse before it entered the
MMEF in order to yield short output pulses. Dispersion compen-
sation makes it easier to separate and identify the different LP
pulse modes. Pulses were sent into and out of MMFs using
objective lenses (Newport M - 60X; Japan 20 x 0.40), with
fiber alignment adjusted by a homemade 6-axis fiber mount.
The power coupled into fibers was on the order of 10 mw (up
to 50 mw), with a ~100 MHz pulse repetition rate. Due to the
low pulse energy and low optical nonlinearity of the used fibers,
the pulses were propagated in a linear regime. Small changes in
the fiber alignment by as little as several microns in displacement
can significantly influence the laser coupling efficiency into vari-
ous modes. For example, on- and off-axis alignments of a dual-
mode fiber SMF980 are shown in the insets of Fig. 3. After the
MMF, the beam was collimated and combined with the refer-
ence pulse by another BS into the STRIPED FISH device.

For simplicity, we studied MMFs that support the first few
LP modes under weakly guiding conditions. To study LP;; and
LP;, modes, we used single-mode fibers designed for 980 nm
(Thorlabs, 980 HP and SMF980-5.8-125, 238 mm and
235 mm lengths) to operate as dual-mode fibers for our pulses
at 800 nm, as the fibers have larger core areas than 800 nm
single-mode fibers. We also used 1550 nm single-mode fiber
(Thorlabs, SMF28, 106 mm length) to study four modes in
800 nm pulses. The pulse compressor was adjusted to give
negative group-delay dispersion (-8500 fs?> ~ ~12000 fs?) to
approximately compensate for the dispersion of the fundamen-
tal mode LPy; for each fiber. The exact amount of negative
dispersion was determined by performing another FROG mea-
surement after the MMF and output objective lens when the
LPy, mode (close to Gaussian in space) was present and adjust-
ing until the measured chirp was zero. Even though the
signal pulses were generally longer in time than the reference
pulse, they should be of the same spectral range due to the low
pulse-induced nonlinearity, and interferometry would work to
measure the signal pulse, as long as it interferes with the
reference pulse.

4. RESULTS

Figures 4(a) and 4(c) show the STRIPED FISH traces of LPy,;
and LP;; modes, respectively, from the same fiber (SMF980,
235 mm length), generated by varying the fiber coupling con-
ditions to preferentially excite each mode individually. When
only the fundamental mode LPj; was present, the measured
trace was similar to a trace of a Gaussian pulse [25]. When
the secondary LP;; mode contained most of the energy, the
STRIPED FISH holograms showed two intensity lobes with
a fringe discontinuity between them, which reflects the phase
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Fig. 4. (a) STRIPED FISH trace of LPy;; mode from SMF980.
(b) Retrieved pulse movie of LPj; mode (see Visualization 1).
(c) STRIPED FISH trace of LP;; mode from SMF980. (d) Retrieved
pulse movie of LP;; mode (see Visualization 2).

jump in the LP;; modal field. Two time snapshots from each
measured pulse movie are displayed in Figs. 4(b) and 4(d). In
each movie, the measured pulse propagates out of the screen,
with brightness indicating intensity and color change denoting
frequency variation over time. As expected, the pulse in the
LPy; mode has a Gaussian shape and shows almost no color
(frequency) variation over time, and the LP;; pulse shows a
double-lobed intensity with color variation in time (spectral
dispersion about 2.9 x 10~# rad/fs?) and a much longer pulse
duration (about 250 fs).

We used another MMF at 800 nm (SMF28, 106 mm
length) to study the behavior of four modes LPy;, LPy;, LP,y,
and LP, of pulses. As in Fig. 5, in this particular case, energy
was coupled well into three LP modes (LPy;, LP,;, LPy,), and
the LP;; mode had a low coupling efficiency and thus low vis-
ibility. The LP;; mode coupling could be increased by aligning

the exciting pulse more in off-axis directions, although this
resulted in less energy being coupled into other modes. We
show the measured STRIPED FISH trace and snapshots of
the retrieved pulse movie in Figs. 5(a) and 5(b). The measured
trace differs from Fig. 4(a) of a Gaussian pulse, showing inten-
sity patterns due to the mixture of different modes. The central
part of each hologram is quite bright due to the LPy; mode, and
the relatively dim peripheral parts show intensity beating
distribution among other modes. In the movie, it is clear that
three different fiber modes were present, with consecutive
arrival time. Each mode is almost white in color, indicating
little chirp in the modes. These pulse characteristics mean that
the modes have different propagation velocities but very
similar spectral dispersions. The coloring of the LPj, mode
(4.5 x 107 rad/fs*) observed in the movie visualization is
likely caused by temporal interference with the trailing edge
of the LP,; mode (1.1 x 107* rad /fs?).

The first two fibers that we measured had differences in
modal velocities that caused the modes to be well separated
in time after the fiber. However, in practical cases, not all fibers
have significant differences in modal velocities, and modes that
may not be separable in time can be more difficult to measure.
As STRIPED FISH measures the complete transverse complex
electric field, it can characterize fiber modes that overlap in time
as well. As in Fig. 6, we measured a pulse with simultaneously
excited LP(; and LP;; modes from a two-mode fiber (980 HP,
238 mm length). In Fig. 6(a), the STRIPED FISH trace from
this measurement shows an intermediate holographic pattern
between those of LPy; and LPy;, indicating the presence of
both modes in pulse. Specifically, hologram intensity is in a
superposition form of LPy; mode and LP;; mode pattern, and
hologram fringes vary more gradually across the middle than
Fig. 4(c). In addition, lobes on the left and the right show in-
tensity beating from hologram to hologram, which indicates
spectral beating between the LPy; and LP;; modes. In
Fig. 6(b), the pulse movie shows two temporally overlapping
modes. The chirped LP;; mode (4.7 x 10* rad/fs?) in the
wings is significantly longer than the nonchirped LPy; mode,
which only shows up briefly in the middle. Because these
modes propagate at such similar velocities, they continue over-
lap in time, no matter how much length of fiber the pulse trav-
els through. The velocities of different LP modes are dependent
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Fig. 5. (a) STRIPED FISH trace for a four-mode fiber SMF28. (b) Retrieved pulse movie (see Visualization 3).
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Fig. 6. (a) STRIPED FISH trace for mixing LP;; and LPy,
modes from 980 HP. (b) Retrieved pulse movie of 980 HP (see
Visualization 4). (c) Reconstructed movie using field decomposition

approach of the STRIPED FISH measured field (see Visualization 5).

on fiber structure parameters and also the frequency in consid-
eration, as studied in Ref. [27].

When modes cannot be separated over space and time,
determining how much energy each mode accounts for in the
field becomes more important and useful. From the measure-
ment, STRIPED FISH yields the spatiotemporal electric field
E(x, 5, t) or, equivalently, the spatiospectral field E(x,y, w)
by Fourier transform. LP fiber modes Ey,(x, y, ) form an
orthogonal set, onto which an arbitrary field £, (x, y, ®) can
be decomposed by calculating overlap integrals. The resulting
modal weight coefficient wy, is

o () = ) B B ddy|?
v I |E o Pdxdy [[ £y, Pdxdy”

These modal weight coefficients depend on frequency or,
equivalently, on time. The weight coefficients w,(w) are essen-
tial to determine the modal content distribution of the pulse
energy among the multiple allowable propagation modes of
the fiber. Once this coefficient is determined for each mode,
the relative mode intensities are determined up to a constant
scaled by the total pulse energy. Then the phase information of
the pulse modes, or relative arrival time of the modes, can be
retrieved from the imaginary part of the inner product between
the arbitrary field and the modal field. As an example, in the
case of 980 HP [Figs. 6(a) and 6(b)], where the modes were
inseparable in time, we determined the energy in LPy; and
LD, from the measured field and generated a reconstructed
pulse movie by performing the calculation and used the field
intensity and phase coefficients to reproduce a pulse movie
[Fig. 6(c)]. The resulting movie is in good agreement with
the measured movie in Fig. 6(b), with similar spatial intensity
distribution and temporal frequency interference shown by the
color variations. Mode content coefficients from excitation can
be calculated using overlap integrals, when fiber modes overlap
in time and space, which can be used to present modes in the
pulse movie.

5. CONCLUSION

To conclude, STRIPED FISH offers a solution for measuring
MMEF pulse spatiotemporal fields. Using several fibers under
different launching conditions, multiple spatiotemporal pulses
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were generated, measured, and displayed. Our current appara-
tus has a temporal range limited to a few hundred femtoseconds
by the spectral pass bandwidth of the IBPF, so it can measure
only a few MMF modes that are not much separated in time.
To measure more modes with largely different modal propaga-
tion speeds, the characterization can be performed by using a
narrower bandpass filter (<1 nm) or by introducing a coarse
delay scan of the reference pulse to increase the temporal range
(and reciprocally, the spectral resolution). In its existing state,
STRIPED FISH can make measurements on few-mode fibers
and display intuitively, and by performing overlap integrals, it is
feasible to extract the measured field modal information. With
fiber dispersion compensated, pulses in the first few LP modes
were demonstrated with their different spatial intensity pat-
terns, temporal velocities, and spectral dispersion properties.
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