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Low-loss High-dispersion Technology; Enabling Component for
Ultrafast Real-time Imaging using Amplified Dispersive Fourier
Transform

P.I. Bahram Jalali - UCLA
Grant No.: W91NF-10-1-0006

Abstract: The ability to control chromatic dispersion is in serial time encoded amplified microscopy
(STEAM) where dispersion is used to slow down fast signals so that they can be digitized in real-time.
Unfortunately, these dispersive elements suffer from one or more of the following restrictions: (i) limited
operational bandwidth, (ii) limited total dispersion, (iii) low peak power handling, or (iv) large spatial
footprint. This project was aimed at identifying new dispersive device technologies that can operate at any
spectral range and with low loss. Here we report new type of tunable dispersive device, which overcomes
these limitations by leveraging the large modal dispersion of a multimode waveguide in combination with
the angular dispersion of diffraction gratings to create chromatic dispersion. We characterize the device’s
dispersion, and demonstrate its ability to stretch a sub-picosecond optical pulse to nearly 2 nanoseconds in
20 meters of multimode optical fiber. Using this device, we also demonstrate single-shot, time-wavelength
atomic absorption spectroscopy at a repetition rate of 90.8 MHz. This technology will allow STEAM based
imagers, as well as other systems that exploit group velocity dispersion such as chirped pulse amplifiers, to
operate at wavelengths where conventional dispersive elements are incapable of operating.

1. Introduction

Real-time measurement of fast non-repetitive events is arguably the most challenging problem in the field
of instrumentation and measurement. Dispersive Fourier transformation is an emerging method that
overcomes speed limitations that exist in traditional optical instruments and enables fast continuous single-
shot measurements in optical sensing, spectroscopy, and imaging. Dispersive Fourier transformation maps
the spectrum of an optical pulse using chromatic dispersion into a temporal waveform whose intensity
mimics the spectrum and hence allows a single-pixel photodetector to capture the spectrum at a scan rate
significantly beyond what is possible with conventional space-domain spectrometers. Over the last decade,
this method has brought us a new class of real-time instruments that permit capture of rare events, such as
rare cancer cells in blood flow, that would otherwise be missed with conventional instruments. This project
was aimed at identifying new dispersive device technologies that can operate at any spectral range and with
low loss.

Dispersive optical elements play critical roles in the operation of many high-bandwidth optical systems.
The ability to stretch and compress optical pulses using chromatic, or group velocity, dispersion (GVD)
forms the basis for chirped pulse amplification (CPA) — an indispensable technique for amplifying ultra-
short optical pulses [1]. Today, the use of high-energy ultra-short laser pulses is pervasive in applications
ranging from basic scientific research [2-4] to industrial material processing [5-7]. An even more
ubiquitous use of GVD is dispersion compensation in high bit-rate optical communication networks, which
form the backbone of the Internet. In this case, dispersion management is critical for controlling data
impairment caused by optical dispersion and nonlinearities. Other important applications of GVD include
intracavity dispersion compensation in modelocked lasers [8], time-wavelength spectroscopy [9, 10], time-
stretch analog-to-digital conversion [11, 12], temporal imaging of optical pulses [13-16], and high-speed
optical imaging [17, 18]. Unfortunately, the devices used to generate large chromatic dispersion exhibit
significant tradeoffs between GVD and other performance metrics. Pairs of diffraction gratings commonly
used in CPA laser systems can offer large dispersion but at the expense of footprint because the GVD
scales approximately linearly with the grating separation. Dispersion compensating fiber can provide a
large amount of GVD in a small footprint, but has limited power-handling capability due to its large
effective optical nonlinearity. More importantly, the use of dispersion compensating fiber is limited to the
near-infrared telecommunication wavelength (~1550 nm) band. At other wavelengths, commercial optical



fibers have large losses and limited dispersion. Chirped fiber Bragg gratings can produce large GVD, but
suffer from similar power handling limitations due to their singlemode operation, and typically operate over
a limited bandwidth within the telecommunication band.

Here, we demonstrate a new type of dispersive device that combines the spatial dispersion of diffraction
gratings with the modal dispersion of a multimode waveguide to overcome the footprint, power,
wavelength, and bandwidth limitations of conventional dispersive elements. This device, which may aptly
be called the chromo-modal dispersion device (CMD), maps different wavelength components of an optical
waveform to distinct modes of a multimode waveguide. The CMD then exploits the large modal dispersion
inherent in a multimode waveguide to create chromatic dispersion (GVD).

An illustration of the generalized CMD is shown in Figure 1. A broad-bandwidth optical pulse is incident
on a pair of parallel diffraction gratings, which spatially disperses and collimates the pulse spectrum. The
dispersed pulse propagates through a lens, which focuses the various spectral components at a range of
angles relative to the optic axis. By placing the tip of a multimode fiber at the focus of the lens, each
spectral component of the pulse excites a different mode of the optical fiber. Modal dispersion in the fiber
imparts either normal or anomalous GVD to the pulse, depending on the transverse alignment of the lens
relative to the spatially dispersed spectrum.
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Fig. 1. Schematic diagram of the chromo-modal dispersion (CMD) device. Light is incident upon two parallel
plane gratings, which disperse and collimate the optical spectrum. Angular dispersion is then applied to the
spectrum using a lens. The input facet of a multimode fiber is placed at the lens focus such that the various
spectral components are coupled into different fiber modes. The figure inset illustrates how different spectral
components are coupled into and propagate in the multimode fiber. The dashed line represents the optic axis of
the fiber. Although the configuration shown provides anomalous dispersion, the CMD can be tuned throughout
both the anomalous and normal dispersive regimes by adjusting the alignment of the lens and fiber relative to
the spatially dispersed spectrum.

The CMD’s use of large-core multimode fiber drastically reduces the undesirable effective optical
nonlinearity, making it capable of handling much larger peak optical power than singlemode fiber-based
dispersive devices. Additionally, the total footprint and size of the gratings used by the CMD are orders of
magnitude smaller than grating-based Treacy-geometry dispersive elements with similar dispersion.
Finally, since the CMD’s operation is based on the wavelength-invariant principles of ray optics, it can
operate at any wavelength for which multimode and transparent waveguides can be constructed.

2. Results

As a demonstration of the CMD’s functionality, we characterize its dispersion in the 800-nm wavelength
band. This is an especially important wavelength band for many biological applications because of its large
penetration depth in tissues, which decreases at shorter wavelengths due to Rayleigh scattering and at
longer wavelengths due to water absorption. Furthermore, this wavelength band is accessible by powerful



and tunable modelocked Ti:sapphire lasers, which should enable the CMD to find use in a variety of
biomedical, spectroscopic, and material processing applications.

In this work, we utilize two different implementations of the CMD (see Methods), making use of the fact
that the device parameters (alignment, grating groove density, grating spacing, lens numerical aperture,
fiber length, fiber numerical aperture) can be adjusted to modify its dispersive properties. To measure the
dispersion of the CMD, we utilize the modulation phase shift method [19]. Using a radio-frequency lock-in
amplifier as a phase-sensitive detector, we measure the relative phase shift between a 30-MHz amplitude-
modulated continuous wave Ti:sapphire laser signal after it has traveled through CMD, and the reference
30-MHz signal used to drive the electro-optic modulator. By tuning the laser wavelength, we measure the
wavelength-dependent phase delay of the CMD. To calculate the relative time delay (in ps) as a function of
wavelength, we use the equation
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where At is the time delay of a given wavelength, ¢, is the relative phase of the signal at a given
wavelength measured by the lock-in amplifier, and f,, is the amplitude modulation frequency. A, is an
arbitrary wavelength, which is chosen to have zero relative phase delay. A 3™-order polynomial least-
squares fit of the time delay data is used to calculate the dispersion parameter D, using
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The results of these measurements and calculations are shown in Figure 2. Additionally, to demonstrate the
tunability of the CMD, we record several relative delay curves at different lateral positions of the focusing
lens relative to the diffraction gratings. By maintaining alignment of the fiber tip at the lens focus, it is
possible to tune the entire delay curve including zero-dispersion wavelength of the CMD. For the three
alignment positions measured, the zero-dispersion wavelengths are 788.7 nm, 799.3 nm and 808.5 nm
(curves 1,2 and 3, respectively).
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Fig. 2. (a) Relative delay and (b) dispersion parameter for three different alignments of the CMD. Translating
the lens and fiber facet in the horizontal direction relative to the incident spatially dispersed spectrum shifts the
CMD’s zero dispersion wavelength.

The CMD achieves large, tunable GVD by mapping the optical spectrum into modes of a multimode fiber.
To confirm that different wavelengths occupy distinct spatial modes in the fiber, we measure the far-field
mode profiles of the CMD output fiber as a function of excitation wavelength. Using the alignment position
that yields the dispersion curve #1 in Figure 2(b), we record the mode profiles at various wavelengths using
a CCD array placed 5 mm from the output tip of the fiber. The mode profiles for various excitation
wavelengths are shown in Figure 3(a).



Fig. 3. Mode profiles at the output of the CMD fiber for alignment position #1,
measured 5 mm from the output fiber facet. (a) Mode profiles recorded using various
excitation wavelengths. (b) Mode profile using 745-nm excitation after propagating
through 20 m of 200-mm core diameter fiber. (c) Mode profile using 745-nm excitation
after propagating through 35 m of the same fiber. Blurring in the output mode profile
indicates the coupling length has been reached. The scale bar in all cases is | mm.

Ideally, the CMD operates on the principle that individual wavelengths excite distinct modes of the
multimode waveguide, each of which possesses a different propagation constant. To achieve maximum
dispersion for a given waveguide length, it is important to avoid mode coupling which can result from
random inhomogeneity or bends in the fiber [20, 21]. As a result, the coupling length sets an upper bound
on the length of the fiber and hence the maximum dispersion. Figure 3(b) and 3(c) show the far-field mode
profile of the CMD measured at the end of a 20-m and 35-m lengths of fiber, respectively (using 745-nm
excitation). As shown in Figure 3(c), in the 35-m fiber the mode profile changes dramatically, indicating
that the coupling length has been exceeded.

To measure the dispersive effect of the CMD on an optical pulse, we propagate pulses from a
modelocked Ti:sapphire laser through the device, and monitor the fiber output using a fast photodiode (see
Methods). The Ti:sapphire laser emits pulses (Tewiy = 80 fS, Aeener = 812 nm, AA = 15.8 nm, repetition rate
= 90.8 MHz) which are coupled into the CMD. By varying the alignment, the dispersion is tuned such that
the entire pulse bandwidth lies in the anomalous (D, > 0) dispersion regime (Figure 4(a)). As shown in
Figure 4(b), the time-domain output’s full-width at half-maximum and full-width are 634 ps and 1.9 ns,
respectively.
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Fig. 4. Time-domain profile and spectrum of an 80-fs optical pulse after propagation through the CMD. (a)
Spectrum of the input optical pulse and the CMD dispersion parameter. (b) Measured time-domain output (red)
and calculated time-domain profile for the measured input spectrum and dispersion curve.

For comparison to the experimentally measured time-domain data, we simulated the dispersive
propagation of a Gaussian optical pulse through the CMD. The simulated Gaussian pulse and CMD
dispersion were chosen to have the same values as those used in the time-domain measurements. We
performed the simulation by adding the appropriate spectral phase to the pulse in the frequency domain,
and performing an inverse Fourier transform to return the data to the time domain. The calculated time-
domain profile is denoted by the dashed curve in Figure 4(b), which is in excellent agreement with the
experimental measurement. Differences between the experimental and calculated plots of the time-domain
data shown in Figure 4(b) are attributed to both the use of an ideal Gaussian pulse spectrum and the use of a
fit to the relative delay data, instead of the experimental values shown in Figures 4(a) and 2(a).

Loss measurements were performed by monitoring the average power before and after the grating pair,
and at the output of the CMD fiber. Using a modelocked Ti:sapphire laser with the CMD in alignment
position #1, the diffraction gratings’ loss was 6.0 dB. The loss due to the lens and fiber was 1.52 dB. In this
case, the large grating loss is due to the use of gratings not optimized for operation at 800 nm, and can be
reduced to approximately 0.4 dB by using high-efficiency dielectric gratings [22].

To demonstrate another application of the CMD in a wavelength range outside the telecommunication
band, we performed real-time, single-shot [9, 23, 24] time-wavelength atomic absorption spectroscopy of
the D, (5°S,, — 5°Ps,) transition in rubidium vapor. In this experiment, near-transform-limited pulses from
a modelocked Ti:sapphire laser (A= 780 nm, AA = 35 nm, repetition rate = 90.8 MHz) were transmitted
through a 225-mm path length rubidium vapor cell before entering a CMD optimized for anomalous
dispersion over a 4-nm bandwidth (see Methods). The optical spectrum transmitted through the CMD and
the associated time-domain signals are shown in Figure 5(a) and (b), respectively. Spectra are recorded by
an oscilloscope in this fashion every 11.01 ns, which is orders of magnitude faster than is possible using
conventional array-detector- or scanning-based spectrometer. In addition, the effective spectrometer shutter
speed, or integration time, of this measurement is equal to the optical transit time through the rubidium cell,
which is approximately 750 ps. In this spectroscopy experiment, the Doppler-broadened D, transition in
rubidium generates an absorption dip in the transmission spectrum, which is observed in the time-domain
profile. While it is clear from the experimental data that the CMD produces a time-wavelength mapping, it
is also important to note that in this case, the amount of dispersion is sufficient to satisfy the uncertainty
principle requirement for generating a dispersive Fourier transform of the wavelength-domain signal [25,
26].
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Fig. 5. Single-shot atomic absorption spectroscopy of rubidium vapor. (a) Optical spectrum after passing though
the rubidium cell and the CMD, as measured by a conventional spectrometer. The arrow represents the position
of the Doppler-broadened D,-absorption line. (b) Sequence of four consecutive single-shot time-domain traces
captured by a photodiode and oscilloscope at a repetition rate of 90.8 MHz. High-frequency amplitude noise in
the time-domain signals is a result of ringing in the measurement, and is not fundamental to the time-
wavelength spectroscopy technique. The horizontal time axis can be converted to wavelength with knowledge
of the CMD dispersion curve. Peaks “1” and “2” are denoted in both (a) and (b) to illustrate correspondence in
the time-wavelength mapping.

3. Discussion

Fundamentally, the mode coupling length and the numerical aperture (NA) of the multimode fiber
determine the maximum dispersion of the CMD. For fiber lengths shorter than the coupling length, modal
dispersion dictates that the maximum output pulsewidth of the CMD can be approximated by [27]

N, n—n
Afﬁ = 12(12]
c n,

where A7, is the output pulsewidth, L is the fiber length, n; and n, are the material refractive indices of the
fiber core and cladding, respectively, and N, is the group index of the cladding. For an input pulse with a
center wavelength of 800 nm propagating in a 20-m long pure silica core fiber with a 0.37 NA, the
maximum output pulsewidth is approximately 3 ns, assuming all modes of the fiber are excited. A
noteworthy feature of CMD is that the output pulsewidth is independent of the input optical bandwidth,
provided that it is sufficiently spatially dispersed to intercept the entire NA of the fiber after being focused
by the lens. Thus, the CMD is capable of stretching small-bandwidth pulses by a large amount in a small
footprint. As an example, we consider a device consisting of two 30-mm wide, 2200 line/mm gratings
spaced by 10.8 cm (aligned for an angle of incidence of 50 degrees from the grating normal), a 25.4-mm
diameter 0.37-NA lens, and 20-m of 0.37-NA step-index multimode fiber. For an optical pulse of 1-nm
bandwidth centered at 800 nm, this CMD can provide approximately +3000 ps of group delay, stretching
an 800-nm center wavelength, 1-ps pulse to a duration of 3 ns. To achieve the same dispersion, two
gratings with the same groove density placed in a double-pass Treacy geometry [28] would have to be
spaced by 1400 cm, and one grating would have to be greater than 25 cm in width. The ability to impart
large normal or anomalous dispersion over a small optical bandwidth makes the CMD invaluable for
applications in picosecond CPA laser systems, which traditionally employ large-footprint, grating-based
stretchers and compressors [28-30]. Finally, in contrast to single mode dispersive fibers, the CMD is much
better at accommodating high optical power without introducing distortions caused by optical nonlinear
interactions. This is a direct result of the large cross section of the multimode fiber, which reduces its
effective nonlinearity. This feature can be further improved by replacing the fiber with a hollow multimode
waveguide such as those previously reported [31].



As shown in Figure 3(a), the spectrum of the input pulse defines the output mode profile, which can differ
significantly from the input mode. To circumvent this mode-conversion in applications such as CPA, in
which the pulse stretcher and compressor spatial modes are critical, one may use a length of fiber in the
CMD slightly longer than the coupling length. Coupling the modes using an extended length of fiber
generates an output that consists of the sum of all fiber mode profiles (Figure 3(c)), as opposed to only
modes excited initially (Figure 3(b)). Higher-order modes can subsequently be suppressed, e.g. using fiber
coiling [32] or other techniques [33, 34] which reduce the output beam’s M? value.

For applications in which the output spatial mode is less important than the time-domain profile, such as
in the time-wavelength spectroscopy experiment reported here, it is imperative that the CMD fiber length
remains shorter than the fiber coupling length. As shown in Figure 5, the CMD generates a wavelength-to-
time mapping of the optical spectrum used to probe the D, transition in rubidium vapor in real-time.
Nonlinearity in this mapping can be attributed to the shape of the CMD’s dispersion curve, which is
fundamentally the same as that shown in Figure 2(b), albeit over a bandwidth of ~4 nm. This nonlinearity
in the CMD’s dispersion slope is static and deterministic, and hence, it can be compensated using digital
post-processing [35-37]. Thus, knowledge of the CMD dispersion combined with the appropriate laser
source and detector will enable high spectral resolution, real-time spectroscopy at any wavelength for
which the fiber is transparent or a hollow waveguide can be constructed.

4. Conclusion

In summary, we have demonstrated and characterized a compact device that produces large and tunable
group velocity dispersion. This has been achieved by transforming the large modal dispersion of a
multimode fiber into chromatic dispersion. The amount of dispersion as well as the zero dispersion
wavelength is tunable and produces normal or anomalous dispersion, with maximum dispersion limited
only by the coupling length and NA of the multimode fiber used. As a proof of concept demonstration, we
stretch a sub-picosecond optical pulse to nearly 2 ns in 20 m of multimode optical fiber. By adjusting the
grating groove density and separation, The CMD can be configured to accommodate larger or smaller
bandwidth pulses, while maintaining the same output pulse width. To demonstrate one of its utilities, we
demonstrated single-shot atomic absorption spectroscopy of rubidium vapor. The large dispersion and
small footprint of the device make the CMD potentially useful for on-chip dispersion compensation using
optical components such as integrated gratings and planar multimode waveguides. The CMD’s physical
compactness, combined with the magnitude and tunability of its dispersion suggest its use as a versatile tool
for pulse stretching or compression in a variety of applications in which the capabilities of singlemode fiber
or diffraction grating-based dispersive elements will not suffice. It will allow STEAM based imagers, as
well as other systems that exploit group velocity dispersion such as chirped pulse amplifiers, to operate at
wavelengths where conventional dispersive elements are incapable of operating.

5. Methods

The CMD used in all experiments except for absorption spectroscopy is constructed from a pair of 900-
grooves/mm ruled diffraction gratings spaced 14 cm apart, a f = 35 mm, 25.4-mm diameter, antireflection-
coated achromatic doublet lens, and a 20-m long, 200-mm diameter core, 0.37-NA step-index pure silica
core, polymer cladding multimode optical fiber. The lens and fiber are mounted on the same linear
translation stage, such that as the transverse alignment of the lens is altered, the fiber tip remains at the
focus of the lens. Modulation phase shift measurements were performed using a custom-built continuous
wave Ti:sapphire laser. The laser linewidth full width at half maximum for each measurement point was
less than 0.20 nm. The RF lock-in amplifier time constant was set to 1 second for all measurements. Time-
domain measurements were performed by connecting an unamplified InGaAs photodiode with a 25-ps
impulse response time to the output of the CMD. Electrical signals from the photodiode are recorded using
a 50-gigasample/s, 16-GHz analog bandwidth oscilloscope. Real-time atomic absorption spectroscopy was
performed on a heated 75-mm length rubidium vapor cell (natural isotope mixture) in a triple-pass
geometry. A narrow bandpass filter (AL = 3 nm) centered at 780-nm was placed after the rubidium cell to
limit the optical bandwidth entering the CMD. The CMD configuration used in this experiment consisted of
two 30-mm length, 2000 grooves/mm ruled diffraction gratings spaced by 28 cm. The lens and fiber were
the same as used in all other experiments.
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