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Abstract: We realize a strongly dispersive material with large tunable
group velocity dispersion (GVD) in a commercially-available photonic
crystal fiber. Specifically, we pump the fiber with a two-frequency pump
field that induces an absorbing resonance adjacent to an amplifying
resonance via the stimulated Brillouin processes. We demonstrate alloptical control of the GVD by measuring the linear frequency chirp
impressed on a 28-nanosecond-duration optical pulse by the medium and
find that it is tunable over the range ± 7.8 ns2/m. The maximum observed
value of the GVD is 109 times larger than that in a typical single-mode
silica optical fiber. Our observations are in good agreement with a
theoretical model of the process.
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1. Introduction
Breakthrough research over the past decade has demonstrated unprecedented control over the
frequency-dependent refractive index of optical materials. For example, it is now possible to
obtain negative values of the refractive index [1] using metamaterials and extremely large or
negative values of the group index using laser-induced material resonances or photonic
crystals [2]. In contrast, engineering the group velocity dispersion (GVD) is limited to the
domain of ultra-fast light pulses [3], and therefore relies heavily on complicated and specified
devices for picosecond or sub picosecond laser pulse generation. Yet, emerging applications,
such as quantum key distribution [4,5], quantum [6] and classical [7,8] information
processing, and temporal cloaking [9] require or can benefit from large GVD that can
disperse longer-duration pulses. In these applications to date, optical pulse durations are
typically in the sub-nanosecond regime for classical and quantum optical fiber
telecommunication [6–8]. On the other hand, the photonic wavepackets that are used to
convey qubits between quantum dots can have lifetimes on the order of several nanoseconds
[6]. A large tunable dispersive element would immediately benefit passive dispersion
compensation control, and moreover, enable the application of temporal Fourier operations
into these emerging fields.
Motivated by recent research [10–12] that has demonstrated extreme values of group
index using resonances to enhance the material dispersion, we find that giant values of the
GVD parameter β2 can be obtained when an amplifying resonance is placed next to an
absorbing resonance. Here, we demonstrate giant and adjustable GVD over the range ± 7.8
ns2/m appropriate for nanosecond-duration pulses realized using an optical fiber pumped by
an auxiliary laser beam. The dispersion is ~109 times larger than that obtained in standard
single-mode fiber. This method can be used for any wavelength within the transparent
window of the optical fiber. In addition, the GVD dispersion value is widely tunable and the
spectral profile can be optimized for specific applications by tailoring the pump-laser
spectrum. The unprecedented large GVD value and wide tunability are promising avenues for
applications involving the dispersion of long-duration pulses.
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2. Theory of group velocity dispersion design
In general terms, our approach can be understood by considering one-dimensional pulse
propagation along the z-direction in a linear dispersive material characterized by a frequencydependent complex refractive index n(ω). In this case, electromagnetic theory predicts that
the spectral amplitude of the output field is related to its input through the relation

Eout (ω ) = ei β (ω ) z Ein (ω )

(1)

where β (ω ) = n(ω )ω / c is the pulse complex wavevector in the dispersive material and c is
the speed of light in vacuum [13].
For pulses with a narrow-band spectrum centered at the carrier frequency ω0 and slow
variation of n(ω) over the pulse spectrum, a Taylor series expansion of the complex
wavevector

β (ω ) = β 0 (ω0 ) + β1 (ω − ω0 ) + β 2 (ω − ω0 ) 2 / 2!+ β 3 (ω − ω0 )3 / 3!+ 

(2)

leads to approximate analytic solutions to the problem when the series is truncated, where the
. For the case when β is
complex dispersion parameters are defined by β j = d j β / d ω j
ω =ω0

essentially real, as appropriate for transparent glasses, the phase velocity of the pulse is given
by υ p = c / n(ω0 ) = ω0 / β 0 , and the group velocity is υ g = c / ng = 1 / β1 . For slow- and fastlight applications, the goal is to design a material that has large or small ng ( β1 ) and to
minimize the higher-order dispersion terms ( j > 1 ) [14,15]. On the other hand, for a material
dominated by GVD, the goal is to design a material with large |β2 | and to minimize the other
terms in Eq. (2).
For a material dominated by GVD, an incident transformed-limited pulse develops a
linear frequency chirp (corresponding to a quadratic phase), as illustrated in Fig. 1(a). The
characteristic distance over which the chirp develops is known as the dispersion length
LD = τ 02 / β 2 , where τ 0 is a measure of the pulse width. The substantial dispersion needed
for the applications mentioned above requires that the length of the material L  LD . The
scaling of LD with pulse width is the reason why it is difficult to observe GVD-effects for
nanosecond-duration pulses for values of β2 characteristic of typical dispersive materials and
devices (for example, β2 ~20 ps2/km for single-mode silica optical fibers at 1.55 μm).
As mentioned above, we engineer a material with large GVD by considering the
dispersion resulting from two neighboring resonances. The linear optical susceptibility for
such a composite resonance, consisting of the case of a Lorentzian-shaped amplifying
resonance at frequency ωr − Δ , half-width γ, and strength G>0 and a similar absorbing
resonance at frequency ωr + Δ and strength -G, is given by

χ (ω ) = i

cnh G 
1
1
−
+

ωr  1 − i (δ + Δ ) / γ 1 − i (δ − Δ ) / γ


.


(3)

Here, the first (second) term in Eq. (3) represents the amplifying (absorbing) resonance, ωr is
the center of the composite resonance, δ = ω − ωr is the detuning relative to the center of the
resonance, 2Δ is the frequency separation between the gain and absorption line, nh is the
index of refraction of the transparent host material and n(ω ) ≅ nh + χ (ω ) / 2nh , which is valid
when the resonance is not too strong so that local-field effects can be ignored. The GVD
parameter arising from the resonance profile described by Eq. (3) is obtained by taking the
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Taylor-series expansion of this expression. We find that the GVD value at the central
frequency δ = 0 is given by

β2 =

G  2Δ ( −3 + Δ 2 ) 

,
γ 2  (1 + Δ 2 )3 

(4)

with Δ ≡ Δ / γ .

Fig. 1. Group velocity dispersion in optical material. a An input transform-limited optical pulse
develops a linear frequency chirp as it propagates through a material with group velocity
dispersion parameter β2 (illustrated here for the case when β2 > 0). b Wavevector magnitude
for a medium containing oscillators with a double resonance described by the susceptibility
given by Eq. (3) with Δ / γ = −1.03 . c GVD parameter for the double-resonance medium
for the same conditions as in b.

Figure 1(b) shows the complex wavevector profile for the susceptibility given by Eq. (3).
It is seen that the real part of β is symmetric about δ = 0, as opposed to anti-symmetric for a
single Lorentzian resonance, which gives rise to large slow- and fast-light effects. In addition
β is approximately quadratic about δ = 0, which results in large positive β2 given by Eq. (4),
as shown in Fig. 1(c). The profiles are inverted by changing the sign of Δ, which allows easy
control over the sign of the GVD. The magnitude of the GVD value is controlled by the gain
G.
3. Experimental realization and measurement of giant tunable GVD in a photonic
crystal fiber

The dispersion profile in Fig. 1(b) is realized experimentally by inducing stimulated Brillouin
scattering (SBS) resonances in a 10-meter-long photonic crystal optical fiber. The
experimental setup used to observe large GVD is shown in Fig. 2. In the typical SBS process,
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a weak input laser beam interacts with a strong counterpropagating pump beam through wave
mixing with an induced acoustic field [16], creating narrow Stokes (amplifying) and antiStokes (absorbing) resonances whose strengths are proportional to the pump beam intensity.
SBS resonances can be induced at any frequency where the material is transparent by
adjusting the pump laser frequency, thus making this approach broadly tunable over the entire
transparency window of the fiber (limited only by the availability of the laser source). To
obtain adjacent amplifying and absorbing resonances as required by Eq. (3), we pump the
PCF using a two-frequency pump beam that allows us to place the anti-Stokes resonance
arising from one of the pump frequency components close to the Stokes resonance arising
from the other component, as illustrated in Fig. 3(a).

Fig. 2. Schematic of the experimental setup to observe giant GVD. We use a 10-m-long PCF
(NKT Photonics Inc., NL-1550-NEG-1, SBS gain factor gSBS = 2.5 ± 0.2 W−1m−1, SBS
resonance width γ/2π = 23.8 ± 0.6 MHz, and Brillouin frequency ΩB/2π = 9.60 GHz) that is
pumped by a 1.55-μm-wavelength bichromatic pump beam. The pump beam is created by
modulating the output of a telecommunications laser (Fitel 47X97A04) with a Mach-Zehnder
modulator (EOSpace, AX-0K1-12-PFAP-PFA-R3-UL, 20 GHz) operating in carriersuppression mode and driven by a sinusoidal waveform at frequency produced by a microwave
frequency source (Agilent E8267D). The modulated pump beam is passed through an erbiumdoped fiber amplifier (IPG Photonics EAD-1K) and a Faraday circulator before injection into
the PCF so that it counterpropagates with respect to the signal beam. It is noted that such an
experiment setting is not mandatory to realize giant GVD; we can also use two laser diodes as
the dual-frequency pump given that the frequency jitter is small and stable.

As a first step in characterizing the dispersive material, we inject a weak continuous-wave
signal beam into the bichromatically-driven PCF and measure the gain spectrum of the
composite SBS resonances as shown in Fig. 3(b). We use an auxiliary signal laser beam
(Agilent HP81862A, power 3.6 μW,) whose frequency is scanned via current tuning. This
beam is passed through a circulator before injection into the PCF. The signal beam is passed
to a photoreceiver (New Focus 1611) via the other circulator and measured with an
oscilloscope. When Δ = 0, there is essentially no change in the transmitted signal beam,
demonstrating that the Stokes and anti-Stokes resonances do not depend on the relative
phases of the pump beam frequency components and hence the susceptibility given by Eq. (3)
is appropriate. When Δ < 0 , we obtain a gain profile corresponding to the imaginary part of β
shown in Fig. 1(b). The profile inverts, as discussed above, when Δ > 0 .
We next inject nanosecond-scale-duration, chirp-free Gaussian-shaped signal pulses with
ω0 = ωr into the PCF and measure the frequency chirp using a homodyne detection technique
that mixes some of the continuous wave pump laser light (serving as a phase reference) with
the pulse transmitted (power Pout (t ) ) from the PCF. For the pulsed experiments, we generate
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the signal beam by splitting a small fraction of the power from the pump beam, thereby
assuring that ω0 = ωr . This beam is passed through a Mach-Zehnder modulator (OTI 10
Gb/s) driven by an arbitrary waveform generator (Tektronix AFG 3251) that generates a
Gaussian-like pulse of the form P (t ) = P0 exp[ −(t / τ 0 ) 2 ] , where P0 is the peak power and τ0 =
28.0 ns.

Fig. 3. Composite SBS resonance. a Illustration of SBS resonances. A counterpropagating
pump beam of frequency

ω p1

induces an anti-Stokes absorption line at frequency ω p1 + Ω B

and full-width at half-maximum width

2γ

induces a Stokes gain line at frequency

, and the pump beam component at frequency

ωp2

ω p 2 − Ω B , also with the same width. These induced

resonances are shown in red. The strength of the resonances are identical in magnitude and
given by G = g SBS Ppj , where g SBS is the SBS gain factor and Ppj is the pump power of
the pump beam at frequency j ( = 1, 2). The center of the composite SBS resonance is at

frequency ωr and the frequency relative to this value is denoted by δ. The spacing between the
gain and absorption lines is 2Δ, shown here for the case when Δ > 0. b Experimentally
observed probe beam transmission profile for different values of Δ, showing the natural
logarithm of the output probe beam power Pout divided by the input power Pin with
GL = 0.33 ± 0.03 .

As shown in Fig. 4(a), with the reference blocked (Fig. 1(a)), we observe the broadened
Gaussian shaped profile of the pulse. With the reference unblocked, the profile displays
interference due to the frequency chirp, which agrees well with the expected dependence. We
repeat this measurement for different pump powers and hence SBS gain G. The waveform is
captured with an 8-GHz-analog-bandwidth, 40 Gsample/s oscilloscope (Agilent DSO80804B)
and downloaded to a computer for offline analysis. We fit the resulting waveform under the
assumption that the signal beam has a Gaussian envelope and a phase that is a second-order
polynomial. In this case, the quadratic term is directly related to β2 by
φ = −{β 2 L / [1 + ( β 2 L / τ 02 )2 ]}t 2 / 2τ 04 . We also fit the data with a fourth-order polynomial and
find that the reduced-chi-square is larger than when fitting a quadratic polynomial, indicating
that higher-order dispersion has a negligible effect on the GVD-induced chirp.
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Figure 4(b) shows that β2 increases linearly with G (proportional to Ppj ) as expected,
demonstrating all-optical control of the GVD. We obtain a maximum value of |β2| = 7.8
ns2/m, which is ~109 times larger than that obtained in standard telecommunication optical
fibers at 1.55 μm. Negative GVD can be obtained by inverting Δ (see Fig. 3(b)). Our
observations are in good agreement with Eq. (4), which predicts that
β 2 = −20.9sgn[ Δ ]G (ns2/m) for Δ / γ = 1.03 , where sgn is the sign function. There are no free
parameters in our model.

Fig. 4. Observation of giant GVD in a laser-pumped optical fiber. a Temporal evolution of the
power at the output port Pout(t) of the homodyne detection setup normalized to its peak power
((Pout)max) for GL = 2.0 ± 0.08. When the reference beam is blocked (solid line, top), we
observe the pulse profile. With the reference beam (solid line, bottom), we observe a complex
pattern resulting from both the pulse profile and the temporal phase variation resulting from
the GVD-induced chirp. The solid dots are a fit to the data (see text). b Linear variation of the
GVD parameter with SBS gain, which is proportional to the power of the pump laser. The
error bar shows the typical error in our measurement.

4. Discussion of pulse distortion

From the temporal pulse profile measurements shown in Fig. 4(a), we observe that there are
some small distortions in the transmitted pulse properties, which are not expected based on
our discussion above that assumes an idea transparent dispersive medium for which the
imaginary part of β is essentially equal to zero. In an ideal dispersive medium, a chirp-free
Gaussian pulse gains a pulse width broadening determined by β2. In our SBS-based GVD
system, however, we have observed small pulse shape distortions including additional
broadening, amplification and delay (shown in Fig. 5). These non-ideal effects are due
predominantly to frequency-dependent gain and absorption arising from the imaginary part of
β, which is unavoidable for a material satisfying the Kramers-Kronig relation [17]. These
small non-ideal behaviors do not disrupt the GVD-induced linear frequency chirp and,
furthermore, initial simulations show that they can be reduced substantially by tailoring the
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pump beam spectrum using methods similar to those used to minimize pulse distortion in
SBS-based slow- and fast-light [18].
We use two approaches for understanding the origin of the pulse distortion: a numerical
solution to Eq. (1) using the full frequency-dependent susceptibility given in Eq. (3), and an
approximate analytic method where we truncate the Taylor series expansion given in Eq. (2)
after the second-order term. When the carrier frequency of the pulse is at the center of the
composite resonance (δ = 0), βj is pure imaginary for j odd and pure real for j even (ignoring
the dispersion of the silica). We assume this resonance condition in the discussion below,
where we compare the predictions of the approximate analytic model, the full model, and
experimental observations.
The envelope of the pulse field amplitude transmitted through the laser-pumped fiber,
assumed to be propagating along the + z-direction and for the case where the entrance face of
the medium is at z = 0, can be found analytically for an input Gaussian pulse of the form
2
A ( z = 0, t ) = A0 exp  − ( t / τ 0 )  .

(4)

After substantial calculation, we find the output pulse is Gaussian and that the analytic
solution has the expected behavior for a material with GVD, including a frequency chirp and
pulse broadening, as well as some non-ideal effects discussed below that arise from the
imaginary part of β1. The predicted pulse broadening, characterized by the Gaussian pulsewidth parameter at the output of the dispersive material (z = L), is given by

τ 2 = τ 02 (1 + L2 / L2D ),

(5)

where LD = τ 02 / β 2 , and is identical to the result found for an ideal GVD material.
One non-ideal effect is a pulling of the pulse carrier frequency due to the frequencydependent gain (see Fig. 1(b)). The instantaneous pulse carrier frequency is given by

ω (T ) = ω0 −

∂φ
,
∂T

(6)

where T = t − Re[ β1 ]z is the local time in the frame moving at the group velocity arising
from the silica glass (not including the dispersion from the SBS resonances). The timedependent phase in Eq. (6) is given by
−

∂φ sgn( β 2 ) L
Im( β1 ) L
=
T−
,
2
∂T
LDτ
τ2

(7)

where the first term on the right-hand-side of Eq. (8) is the linear chirp expected for a material
with GVD and the second term represents the non-ideal frequency shift. Here,
Im( β1 ) = −



G  4Δ 
.
2
2γ  (1 + Δ 2 ) 



(8)

For our experiment, the frequency shift is of the order of γ (~2π × 24 MHz) for the largest
value of G, which can be compensated using an acousto-optic modulator, for example, if
required for a specific application.
Another non-ideal effect is that the Gaussian pulse experiences a temporal offset given by
Toff = −
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which arises from both the effects of the first- and second-order dispersive terms in Eq. (2).
Finally, the pulse experience an overall amplification so that the ratio of the output to
input power is given by
2
 ( Im( β1 ) L )2 
Pout  τ 0 
=   exp 
.
Pin  τ 
τ 02



(10)

The prefactor in Eq. (10) is the expected result for a medium with pure GVD so that the pulse
decreases in amplitude as it broadens. The exponential term arises from the fact that some of
the pulse spectrum overlaps with the amplifying part of the composite gain line as its
frequency is pulled toward the amplifying side of the resonance.
By direct measurement of the temporal evolution of the pulse at the output of the GVD
medium, we determine the pulse width, temporal offset, and amplification as a function of the
SBS gain as shown in Fig. 5 and compare to the approximate analytic theory outlined above
and the numerical solution using the full susceptibility. It is seen that there is good agreement
between the experiments and both theoretical approaches for the pulse offset and
amplification. However, the pulse broadens more than expected in the experiment when
compared to the second-order theory, but is in good agreement with the full analysis. The
additional pulse broadening results from the frequency filtering effect due to third and higher
order dispersive terms in Eq. (2). Overall, these effects are small and may not be important
for specific applications that mainly require a linear chirp of the input pulse. Also, we
reiterate that these effects can be mitigated by tailoring the pump spectrum.
Finally, we comment that that the Taylor series given in Eq. (2) has no radius of
convergence when Δ / γ < 1 and there is substantial disagreement between our approximate
analytic expressions and the theory using the full susceptibility. Therefore, we conduct the
experiment with Δ / γ = ±1.03 even though the GVD parameter β2 takes on its maximum
value when Δ / γ = ±0.73 .
5. Conclusion and outlook

In conclusion, we have successfully realized a strongly dispersive material with large tunable
group velocity dispersion (GVD) via SBS in a photonic crystal fiber. We have obtained giant
and tunable GVD over the range ± 7.8 ns2/m, verified by the measurement of the quadratic
phase chirp induced on a 28-nanosecond-duration pulse. The dispersive properties of the fiber
agree well with the theoretical model. Small pulse distortions are accounted for with secondorder approximate analytic model and full-rank numerical simulation.
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Fig. 5. Parameters for an optical pulse propagating through a dual-line dispersive material. a
Pulse width, b temporal offset, and c amplification as a function of the SBS gain. Here,
amplification is defined at the peak power of the output probe pulse divided by the peak power
of the pulse in the absence of the pump beams (i.e., with G = 0). The solid lines are the
prediction of the second-order theory, the dashed lines are the predication of the full model
using numerical techniques, and the solid circles are the experimental measurements, where
the error bars indicate typical measurement error. In c, the typical error bar is of the order of
the size of the symbol.

There are many possible future directions of the work presented here that will allow for
complete control of GVD in optical materials over a wide range of pulse parameters. For the
SBS-based GVD investigated here, the resonances can be broadened to the 10's of GHz range
by tailoring the pump spectrum [19,20], thereby realizing large GVD for pulses from the
nanosecond to the sub-100-ps range. Also, there is sustained progress in realizing chip-scale
SBS-based devices [21–23], which will allow compact dispersive GVD systems. In the
quantum regime, it will be possible to disperse single-photon wavepackets without adding
excess noise [24] if the SBS device is cooled to its quantum mechanical ground state, which
is now within reach [25]. Considering other platforms, recoil-induced resonances in laserpumped ultra-cold gases [26] should display large GVD for millisecond-scale pulses and
Fano-type resonances in photonic crystal [27], plasmonic [28] and metamaterial [29] devices
are promising avenues to explore for high-bandwidth GVD engineering.
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