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Supercontinuum amplification by Kerr instability
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The versatility of optical parametric amplifiers makes them excellent sources for ultrashort visible and infrared
pulses that drive strong-field physics experiments. We extend four-wave optical parametric amplification to the
strong-field regime, known as Kerr instability amplification, and experimentally verify the modified noncollinear
conditions for optimum amplification. We confirm that Kerr instability amplification can be used to amplify
spectra that span nearly an octave in a single beam. We also amplify the near-infrared portion of the spectrum to
generate the third harmonic downstream.
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I. INTRODUCTION

Next-generation coherent light sources use nonlinear para-
metric amplification to generate intense pulses from the
visible to the infrared (IR) [1]. These versatile ultrafast
sources have a broad range of applications including spec-
troscopy [2], high-harmonic generation [3], and attosecond
(1 as = 10−18 s) science [4–6]. These optical parametric am-
plifiers (OPAs) are often pumped by intense femtosecond
(1 fs = 10−15 s) pulses, generating widely tunable and broad
bandwidth coherent pulses with improved pulse contrast
[7–10]. The noninversion symmetry required of the χ (2) op-
tical nonlinearity and phase-matching conditions limit the
selection of possible crystals [11]. However, noncollinear ge-
ometries circumvent phase-matching limitations, increasing
the amplified bandwidth [12].

The next order nonlinearity χ (3) has also been investi-
gated to amplify visible and near-infrared (NIR) femtosecond
pulses [13–16]. In this case, phase matching is achieved when
2kp = ks + ki, where kp,s,i are the wave vectors of the pump,
signal, and idler, respectively, which is only achieved in a
noncollinear geometry. Amplification of up to two orders of
magnitude was observed, with a bandwidth that could span up
to 75 nm in the visible [17]. When the amplified signal reaches
∼1% of the pump intensity, saturation limits further amplifica-
tion, resulting in a nondegenerate cascaded four-wave mixing
(NDC FWM).

NDC FWM creates a series of high-order beamlets
spanning multiple octaves [18]. Although these beamlets
propagate in unique directions, spatial dispersion compen-
sation has compressed these pulses to the few-cycle regime
[19]. Furthermore, these beamlets have been used as a tunable
probe for fs stimulated Raman spectroscopy [20–22].
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In the more extreme case, where the amplified seed remains
below saturation and the pump intensity is near the damage
threshold of the χ (3) material, Kerr instability amplification
(KIA) has been proposed to amplify far-IR and THz pulses
from a near-IR pump [23]. It demonstrated over three orders
of magnitude amplification with a Gaussian beam profile [24].
One of the authors previously reported experimental amplifi-
cation of widely tuneable but spectrally limited fs pulses using
Kerr instability in Y3Al5O12 (YAG) [24] and magnesium ox-
ide (MgO) [25]. In the visible and the near-IR, gain as high as
18 mm−1 was measured.

In this paper, we confirm the broadband spectrum ampli-
fication angle dependence predicted by KIA in MgO [26].
Although saturation and geometric effects limit the experi-
mentally measured amplification to two orders of magnitude,
our simulations and calculations show that up to five orders of
magnitude amplification are realizable.

II. ANGLE-DEPENDENT AMPLIFICATION

The experimental setup is shown in Fig. 1(a). The
785-nm Ti:sapphire laser output 1 mJ, 110 fs pulses at 1 kHz.
A CaF2 window (not shown) split ≈8% of the s-polarized
beam to create the seed; the half-wave plate (HWP) and po-
larizer (Pol.) controlled the seed power to 1µJ, while the iris
controlled the beam profile to optimize the supercontinuum
generated through the focus ( f1 = 10 cm) of 5-mm sapphire.
The supercontinuum spectrum spanned from 450 to 1000 nm
at 50 dB, measured using four different wavelength selecting
filters to optimize the signal across the spectrum (350–650,
600–750, 800–900, and >850 nm, where the overlap ensured
continuity in the spectrum), measured with an OceanOptics
Flame-S spectrometer. The collimating mirror ( fc = 10 cm)
refocused the seed beam onto the MgO, with ≈5.2× mag-
nification; M1 steered the seed beam, where the external
seed-pump angle was θ .

A computerized delay stage controlled the pump timing;
f2 = 50 cm loosely focused (w0 ≈ 100 µm) the pump (pulse
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FIG. 1. (a) The setup for supercontinuum amplification. See
text for details. Spectral amplification (log colors) measured in the
(b) visible and (c) near IR as a function of seed-pump angle. (d) Kerr
instability amplification calculation of the gain as a function of
relative seed-pump angle and wavelength for a 785-nm pump at
I0 = 1.5 × 1013 W/cm2. The pink line is the phase-matching condi-
tion for FWM, while the black dashed line is maximum gain in KIA.
The two green boxes are for the experimentally measured regions,
shown in (b) and (c).

energy 420 µJ) onto the 0.5-mm MgO crystal. The peak in-
tensity was estimated to be 1.3 × 1013 W/cm2. Strong-field
experiments have shown that MgO can withstand pump inten-
sities up to Ip = 1.5 × 1013 W/cm2 without damage [25,27–
29]. Wavelength and neutral density filters selected the spec-
trum and intensity for the spectrometer (spect.); the same
filters for measuring the seed spectrum were used for the
amplified spectra.

We measured amplification in the visible [Fig. 1(b)] and
IR [Fig. 1(c)]. The relative seed-pump angles were 4.1◦–6.5◦
with 0.4◦ steps. Because of the supercontinuum chirp, we
show the amplified spectra at a delay exhibiting the max-
imum amplification [see Fig. 2(b) for further details]. We
observed an angle dependence on the amplified bandwidth,
at 4.1◦, with amplification occurring from 650 to 950 nm.
As we increased the relative angle, the amplified bandwidth
maximizes near 5◦, spanning from 550 to nearly 1000 nm, or

FIG. 2. (a) Temporal evolution of simulated supercontinuum
generation matching experimental conditions. (b) Spectral ampli-
fication measurement of the supercontinuum seed at 4.9◦ relative
seed-pump angle as a function of pump delay. The amplification
process maintains the seed temporal character. Black dashed lines are
the regions used to generate the 4.9◦ contributions in Figs. 1(b) and
1(c).

nearly an octave. In this region, the transform-limited pulse
duration was 5 fs, or two cycles with a central wavelength
of 724 nm. Further increasing the angle led to a bifurcation
in the amplified spectrum, where the visible portion around
530 nm was amplified, although with decreased gain. At the
maximum measured angle, we observed large amplification
beyond 1000 nm, measured with an OceanOptics NIRQuest
spectrometer.

Saturation limited the maximum amplification to roughly
two orders of magnitude. Because we aimed to preserve
the generated supercontinuum character for the amplification
measurement, we avoided using transmission neutral density
(ND) filters to decrease the seed power. We replaced the
steering mirror M1 with BK7 glass to reduce the seed power
into the MgO; the seed power was ≈70 nJ. The amplification
process saturates when the amplified pulse is ∼1% of the
pump intensity [25]. Above saturation, we observed multiple
spatially separated beams spanning the UV to the IR, as pre-
dicted in NDC FWM [30].

The gain predicted by KIA is shown in Fig. 1(d), where
the experimentally measured regions are shown in the green
rectangles for comparison. In the limit of low pump intensity,
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the angular dependence of the maximum gain predicted by
KIA (black dash) is identical to the phase-matching condition
of FWM (magenta solid), but at this high-intensity (high-gain)
case there is an obvious difference. Near the pump wavelength
and longer, the angle for maximum gain KIA is considerably
larger than that predicted by FWM. KIA predicts a region
of large gain over a broad bandwidth with a small angular
dependence, which leads to broadband amplification [26]. The
false color scale is the gain predicted by KIA, where near 5◦
it predicts a region of near uniform amplification spanning
550–1000 nm, in agreement with our experiment.

We simulated the temporal profile of the generated
supercontiuum in Fig. 2(a), replicating the experimental pa-
rameters. A 120-fs seed pulse focused to 25 µm at 4.5 × 1015

W/cm2 peak intensity propagated in 5-mm sapphire (see
the Appendix for simulation details). We took the windowed
Fourier transforms (Gaussian window width 40 fs) of the
output pulse to show the temporal character. As the pulse
propagated through the focus, the pulse split into a leading
IR pulse and a tailing visible pulse [31]. After the focus, the
visible portion of the pulse developed a significant chirp due
to the material dispersion.

The measured spectrally dependent amplification as a func-
tion of pump delay is shown in Fig. 2(b) for 4.9◦. Near
−100 fs, the IR portion was amplified, while at +100 fs the
visible portion was amplified, with an increasing delay for
shorter wavelengths. The temporal profile of the amplification
is in good agreement with the simulated supercontinuum,
demonstrating that KIA maintains the temporal profile of the
seed. Black dashed lines represent the regions contributing to
Figs. 1(b) and 1(c).

Increasing the angle to 6.5◦, we measured the resulting
amplified spectra as a function of pump delay in Fig. 3(a). We
observed amplification factors ∼three orders of magnitude in
the IR. The increased amplification factor was due to the low
seed power in this spectral region. Conversely, in the visible,
the Kerr instability conditions were not satisfied, which led
to a decreased visible signal. Interestingly, the temporal char-
acter of the seed was maintained even in this regime. Black
dashed lines are the time delays for the lineouts in Fig. 3(b).
We show the supercontinuum spectrum (blue) spanning from
the visible to the IR that seeds the amplifier. At this angle,
we observe amplification around 950 nm, in agreement with
the KIA calculation. However, the visible portion decreases
by more than an order of magnitude, which is not expected
from KIA.

We show all of the amplified spectra that were used to
create Figs. 1(b) and 1(c) in Fig. 4. As we increased the
angle between the pump and seed, the amplified bandwidth
increased. The broadest bandwidth was achieved between 4.9◦
and 5.3◦, in agreement with the KIA calculation.

For larger angles, as shown in Fig. 5, although the ampli-
fied long-wavelength portion continues to extend to the IR,
there is a discontinuity in the visible. For angles at 6.5◦ and
larger, no visible portion of the spectrum was amplified.

Note that for these images, the color scale denotes the
intensity relative to the peak of the spectrum (log scale),
whereas in Figs. 1(b) and 1(c), the color scale gives the am-
plification. The spectral interference in the visible portion is
caused by multiple filaments being created in the seed.

FIG. 3. Spectral amplification measurement of the supercontin-
uum seed at 6.5◦ relative seed-pump angle. (a) Amplification occurs
only for the IR side of the seed. Black dashed lines are lineouts to
generate the spectrum in (b). (b) Supercontinuum seed (blue) and
amplified (black dashed) spectra. The wavelength region >900 nm
was taken with an IR spectrometer.

We note that the plasma-induced index change, �npl =
−ω2

pl/ω
2
p, where ω2

pl = Nee2

ε0m∗ (Ne is the electron density, e is
the fundamental unit of charge, ε0 is the permittivity of free
space, and m∗ is the effective electron mass) is the plasma
frequency, is comparable to the Kerr-induced index change,
�nKerr = n2Ip, at these intensities [32]. However, because the
sign of �npl is the opposite of �nKerr, plasma may both help
and hinder the amplification. With such a tight focus to create
these intensities, self-focusing limits the crystal thickness,
and the plasma-induced index change may improve pump
pulse propagation in the nonlinear medium. However, it may
also limit the amplification efficiency by decreasing the mod-
ulation instability. Further investigation of these competing
processes is necessary, but beyond the scope of this work.

III. BROADBAND AMPLIFICATION

Although NDC FWM exploits the Kerr response to gener-
ate a multioctave spanning spectrum [19], it produces a series
of beamlets with each beamlet containing only a fraction of
the total spectral bandwidth. Conversely, KIA can amplify
broadband spectra that support few-cycle pulses in a single
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FIG. 4. Spectral amplification measurement of the supercon-
tinuum seed from 4.1◦ to 5.3◦ as a function of delay. As the
pump-seed angles (given in figures) increased, the amplified band-
width increases.

FIG. 5. Spectral amplification measurement of the supercontin-
uum seed from 5.7◦ to 6.5◦ as a function of delay. For these larger
angles, there was a discontinuity in the amplification. At 6.5◦, there
was no amplification in the visible.

FIG. 6. Simulation and experimental amplification at 4.9◦. The
KIA calculation (black solid lline) agrees well with the two-
dimensional (2D) simulation (orange dashed line); the amplification
difference comes from KIA not accounting for the creation of an idler
field. The spatial profile reduced the amplification of the transform-
limited supercontinuum seed pulse when the seed and pump beam
waists were the same (purple dotted-dashed line); the large gain
in the blue end of the spectrum is because there was a negligible
seed spectrum in this region. The bandwidth of the experimentally
measured amplified spectrum (blue dotted line) is in good agreement
with theory.

beam, as shown in Fig. 6. In these simulations and experi-
ment, we observed the output at 4.9◦. The KIA calculation
(black) predicts a broadband amplification of nearly six orders
of magnitude, with a full width at half maximum (FWHM)
spanning from 600 to 900 nm. This amplification corresponds
to a gain of g = 27 mm−1, with the transform-limited pulse
duration being 4.7 fs and a central wavelength of 714 nm,
supporting a two-cycle pulse. We simulated the nonlinear
propagation of the FWM process by seeding with a broadband
seed (red). The simulation used the experimental parame-
ters, but the pump pulse character was modified to 800 fs
in duration and a minimum waist of wp = 250 µm to avoid
self-phase modulation and self-focusing effects of the pump,
approximating the plane-wave long-pump limit of KIA. The
difference in the amplification stems from the KIA result
that amplification A = exp(gz), where z is the propagation
distance, whereas from FWM A = cosh2(gz/2) [26].

We compare this broadband amplification to the amplifica-
tion of the simulated seed previously discussed in Fig. 2(a)
(purple dotted-dashed line). In this case, the seed duration
transform limit was 10 fs, while the seed waist matched
the pump waist, ws = wp, and the pump pulse duration was
100 fs, matching experimental conditions. The seed profile
and the shorter pump duration decreased the amplification
relative to the maximum possible amount. We also show
the experimentally realized amplification (blue dotted line).
The bandwidth of the amplified spectrum agrees well with
theory, but the maximum amplification is significantly de-
creased from the theoretical value because of saturation. To
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(a) (b)

(c) (d)

(e) (f)

FIG. 7. Characterizing the NIR portion of the amplified spectra.
(a) The measured and (b) reconstructed spectrogram after 500 itera-
tions, with an error of 1.01. (c) The pulse intensity measured duration
was 24 fs; compensating for the dispersion (e) predicts a 20 fs pulse.
(d) Spectral amplitude and (f) phase are also presented.

measure the amplification factor, we smoothed the seed spec-
trum to reduce its oscillation amplitude. We note that there
was little amplification near the seed central wavelength in this
configuration.

IV. NONLINEAR OPTICS WITH AMPLIFIED BEAM

We demonstrate that these amplified pulses can be a source
for ultrashort nonlinear processes by generating the third har-
monic. Using the setup of Fig. 1 with a pump-seed angle
of 5.7◦ led to large amplification around 900 nm. We chose
this portion of the spectrum to generate the third harmonic
because the NIR side of the supercontinuum seed exhib-
ited less chirp than the visible portion of the spectrum, as
shown in Fig. 2(a). At the maximum amplification, near zero
delay, we measured a FWHM bandwidth of 83 nm, with
a transform-limited pulse duration of 15 fs. A home-built
frequency-resolved optical gating (FROG) measurement re-
turned a 24 fs pulse (20 fs for optimally compressed) with
a central wavelength at 880 nm, consistent with the spec-
trum, as shown in Fig. 7. Figure 7 shows the measured
and reconstructed FROG traces, where the error in the re-
construction is 1.01. With an 800-nm long-pass filter, we
measured the amplified pulse energy of 0.54 µJ, yielding a
peak power of 23 MW. This amplified beam peak power
is consistent with previous measurements of 0.5% of the
pump.

We focused this beam ( f = 75 mm) onto another 0.5-mm-
thick MgO crystal to generate the third harmonic, and passed

FIG. 8. Third-harmonic generation from amplified NIR spec-
trum. (a) The third harmonic, centered at 287 nm, was only created
when the NIR portion is strongly amplified. The short coher-
ence length, Lcoh ≈ 3 µm, limited the third-harmonic efficiency.
(b) The FWHM bandwidth of the NIR spectrum was 83 nm, with
a transform-limited pulse duration of 15 fs.

the resulting beam through a 282-nm filter before the spec-
trometer. Although phase matching (Lcoh ≈ 3 µm) severely
limited the conversion efficiency, we were able to detect the
third harmonic at 287 nm when the near-IR portion of the
supercontinuum was amplified, as shown in Fig. 8. At the es-
timated intensity >1012 W/cm2, third-harmonic generation in
MgO has been shown to be nonperturbative [33], leading the
way to further high-harmonic generation studies in condensed
matter.

We expect that KIA could be a route to creating a simplified
amplifier for few-cycle pulses directly from a laser oscillator.
By spectrally broadening the output of a mode-locked laser in
dispersion controlled fibers [34,35], KIA could amplify these
pulses by many orders of magnitude without external pulse
selection. This broadband amplification will be an asset for
developing compact few-cycle sources, and may be useful as
an initial amplification stage in broadband optical parametric
amplifiers [36,37].

V. CONCLUSIONS

In conclusion, we have observed amplification of a
supercontinuum spectrum from 500 nm to over 1 µm in a
single beam. The amplification bandwidth depends on the
relative pump-seed angle, in agreement with KIA theory.
Although KIA theory predicts amplification factors >105,
we only observed amplification of two to three orders of
magnitude, limited by geometrical effects and saturation. We
observed that the amplification process did not significantly
change the temporal nature of the seed; we expect that
chirping the seed could allow for further amplification
by reducing the peak power during amplification. We
demonstrated that these amplified pulses can be a source for
nonlinear optics by generating the third harmonic, leading the
way for future ultrashort nonlinear experiments.
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APPENDIX: SIMULATIONS

We use the forward Maxwell’s equation (FME) to simulate
the Kerr instability amplification (KIA) and the seed super-
continuum [38,39]:

∂

∂z
E (r, ω) = i

c

2n(ω)ω
∇2

⊥E (r, ω)

+ i
ω

c
[n(ω) − ng]E (r, ω)

+ i
μ0ωc

2n(ω)
PNL(r, ω). (A1)

We solve Eq. (A1) by fourth-order Runge-Kutta integration
in the frequency domain. For modeling the amplification, we
simulate the propagation in two dimensions, where ∇2

⊥ = ∂2

∂x2

is the transverse coordinate. To calculate the spatial dispersion
[first term in Eq. (A1)], we use the fast Fourier transform to
propagate the field in the momentum domain, and then inverse
fast Fourier transform back to the spatial domain for the

nonlinear and temporal dispersion calculations [40]. Further
details of the simulation can be found in Ref. [26].

To generate the seed, as shown in Fig. 2(a), we exploit

the cylindrical symmetry, that is ∇2
⊥ = 1

ρ
∂
∂ρ

(ρ ∂
∂ρ

), which re-
quires a Hankel transform [41]. We vary the beam focus
within the sapphire to match the experimentally measured
spectrum. We found that a one-dimensional (1D+time) simu-
lation did not predict the pulse splitting that we experimentally
measured. Conversely, both 2D (propagation and transverse
spatial)+time and cylindrical symmetry cases exhibited pulse
splitting, with spectral features changing due to varying focus,
propagation, and intensity.

We only account for the χ (3) nonlinear polarizability,
PNL = ε0χ

(3)E3. We assume a wavelength- (and time-) inde-
pendent nonlinear index of refraction of n2 = 3χ (3)/(4ε0cn2

p),
where np is the index at the pump wavelength. We use the
values of n2 = 4 × 10−16 cm2/W [42] for MgO and n2 =
2.8 × 10−16 cm2/W [43] for sapphire ordinary axis; we do
not account for plasma effects in our model. We account for
the linear index of refraction of the material n(ω) [44,45],
which includes higher orders of dispersion.

To compare the KIA result to the simulation, we initi-
ate the model in the momentum-frequency domain. We find
that beginning in the Fourier domain reduces the background
noise, which is key when simulating the high gain. To simulate
the broadband case, as shown in Fig. 6 (red), the seed field
is Es(ω, k) = 10−8Ep for ω > 0 and k > 0 and 0 otherwise,
where Ep is the peak pump field strength. This weak seed field
strength allows for large gain over 0.5-mm-thick MgO without
saturation effects.
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