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The rate of an n-photon effect generally scales as the nth order autocorrelation function of the incident
light, which is high for light with strong photon-number fluctuations. Therefore, “noisy” light sources
are much more efficient for multiphoton effects than coherent sources with the same mean power, pulse
duration, and repetition rate. Here we generate optical harmonics of the order of 2—4 from a bright squeezed
vacuum, a state of light consisting of only quantum noise with no coherent component. We observe up to 2
orders of magnitude enhancement in the generation of optical harmonics due to ultrafast photon-number
fluctuations. This feature is especially important for the nonlinear optics of fragile structures, where the use
of a noisy pump can considerably increase the effect without overcoming the damage threshold.
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Multiphoton processes are the essence of nonlinear
optics. Optical harmonics generation [1] and multiphoton
absorption [2], ionization [3], polymerization [4], or spec-
troscopy [5] are widely used in practical applications. In any
multiphoton process, a certain number of photons of the
initial radiation get annihilated to produce the effect. For this
reason, the output signal of an n-photon process scales as the
normally ordered nth order moment of the incident photon
number, (:N":) = ((a")"a") [6,7], similar to the rate of
n-photon coincidences [8] in a quantum optics experiment.
It follows that the rate R of an n-photon effect scales as the
nth order normalized autocorrelation function of the inci-

dent light, g = (:N":)/(N)" [6,7,9-18]:
R™ ~ gm (1)

where F ~ (N) is the input photon flux.
According to Eq. (1), the statistical efficiency of an
n-photon effect [11-15], defined as

R(™
() =__ 2
g Fn ’ ( )

should scale with ¢,

Enhancement due to intensity fluctuations has been
demonstrated for the second-harmonic generation [13,15]
and, recently, also for two-photon absorption [18] from
thermal light, for which ¢") = n!. Instead of thermal light,
one can use multimode laser light [11,12,14,17], as the
latter has intensity fluctuations due to the contributions
of different temporal modes. In fact, pulsed light is more
efficient for n-photon processes than continuous-wave light
with the same mean intensity for the same reason: It has a
strong intensity modulation.
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Nevertheless, usually one observes multiphoton effects
with coherent light, for which ¢(") = 1. The reason is that
thermal light with a high intensity is hard to produce; thermal
radiation used in Refs. [15,18] was obtained from a below-
threshold laser, which is not very bright. Another standard
source of thermal light, a rotating ground glass disk, has not
only low brightness but also very slow intensity fluctuations.
As an efficient source, one would desire a bright pulsed one
with each pulse having ultrafast intensity fluctuations.

Exceptionally interesting in this connection is the
bright squeezed vacuum (BSV) [19-23] produced via
high-gain parametric down-conversion (PDC). It can be
extremely bright—up to hundreds of milliwatts mean
power [24,25]—and has a highly fluctuating photon
number. In fact, this state has no coherent component
and consists of only quantum noise. Taken separately, the
signal and idler BSV beams have thermal statistics; but
whenever they are indistinguishable, the statistics show
“superbunched” behavior with ¢ = (2n — 1)!! [26-29].
This makes the BSV extremely efficient for multiphoton
effects [16], as one can see from Fig. 1(a) showing ¢\ (n)
for coherent (black), thermal (red), and BSV (blue) light.

BSV intensity fluctuations are not only strong; they can
be extremely fast as well. Because of the broad spectrum,
whose bandwidth can reach 100-150 THz [34-36], a BSV
generated through PDC can feature correlation times down
to a few femtoseconds. For a pulsed broadband BSV, the
intensity will fluctuate not only from pulse to pulse but also
within a single pulse. Although pulse-to-pulse fluctuations
could be, in principle, mimicked by modulating the beam,
fluctuations within the pulse cannot.

The latter makes the BSV extremely valuable for
nonlinear effects. Any nonlinear effect with an ultrashort
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FIG. 1.

(a) The normalized correlation function determining the enhancement of an n-photon effect as a function of n in the case of

coherent (black), thermal (red), and BSV (blue) light used as a pump. (b) The experimental setup. The BSV is obtained via high-gain
PDC in a BBO crystal and filtered spatially with a slit and spectrally with a 4f system containing two diffraction gratings (DG), two
lenses, and a slit. After the filtering, a small part of the BSV is tapped off by a beam sampler (BS) for monitoring the mean photon number
per pulse and the statistics, and the rest is tightly focused on the surface of a lithium niobate crystal (LiNbO3). All optical harmonics are
generated without phase matching, filtered from the BSV radiation with short-pass (SP) and bandpass filters and registered by a detector.
(c) Measured dependence of the SHG (red), THG (green), and FHG (blue) photon flux on the pump flux with the pump being the BSV
(solid squares) and pseudocoherent light (empty circles). The detection and transmission losses are taken into account [30]. Theoretical
fits with the quadratic, cubic, and quartic functions (lines) show the correct power dependence for each harmonic.

response time will “feel” its fast photon-number fluctua-
tions, and the efficiency will be therefore dramatically
enhanced. In our experiment, we demonstrate this enhance-
ment in the generation of the second (SHG), third (THG),
and fourth (FHG) optical harmonics.

The experimental setup is shown in Fig. 1(b). For the
generation of optical harmonics, we use a broadband BSV
around the frequency degeneracy (1600 nm) [25] produced
in a 10 mm beta barium borate (BBO) crystal through
type-I phase matching. As a pump, we use the amplified
radiation of a Ti-sapphire laser with the wavelength
800 nm, the pulse duration 1.6 ps, the repetition rate
5 kHz, and the energy per pulse 0.5 ml]. The pump is
focused into the crystal by a cylindrical lens with a focal
length of 700 mm, so that the beam remains unfocused in
the plane of the optic axis and the pump walk-off [24] is not
pronounced. After the crystal, we cut off the pump by
dichroic mirrors and two long-pass filters. A slit is used
to filter the BSV to a single spatial mode. The spectral
filtering is made by a 4f monochromator. Although the
bandwidth of the unfiltered BSV is 340 nm [25], the largest
bandwidth allowed by filtering is 75 nm.

After spatial and spectral filtering, the BSV is tightly
focused on the surface of a 1 mm thick lithium niobate
crystal (LiNbOj) slab by a lens with the focal length
3.1 mm and numerical aperture 0.68. For more efficient
harmonic generation, the beam waist is placed on the

crystal surface [37]. The crystal orientation does not allow
phase matching for any harmonic generation. Both the BSV
and all harmonics are polarized along the optic axis, which
provides the highest nonlinear response in LiNbO;. The
radiation of optical harmonics is separated from the BSV
by short-pass and bandpass filters. The photon number in
each pulse of the harmonics radiation is measured with an
avalanche photodiode (APD) or with a charge-integrating
detector based on a Si p-i-n photodiode [22].

For monitoring and controlling the statistics of the BSV,
we tap off 0.6% of its power and measure the numbers of
photons in each pulse [30].

For each optical harmonic, we measure the dependence
of the output photon flux F,,, on the BSV flux F, spectrally
filtered to a bandwidth of 3.3 nm. Figure 1(c) shows these
dependences by red, green, and blue solid squares for
the second, third, and fourth harmonics, respectively. The

maximal harmonic generation efficiencies ;75,22)( =F,,/F
are shown in Table I. The statistical efficiencies (2) can be
obtained from the fits with the relevant dependencies,
fa(x) = AMx" n =2, 3, 4, shown by solid lines.

This has to be compared with the “standard” situation
where the harmonics are generated from coherent light. In
the absence of a coherent source with exactly the same
wavelength, pulse duration, and repetition rate as the BSV,
we create a pseudocoherent source by reducing the photon-
number fluctuations of the BSV through postselection; i.e.,
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TABLE I. Characteristics of the obtained harmonic generation
from the BSV: statistical enhancement with respect to the

pseudocoherent  source (Ag"S)V/AE,'é)) (left), the ratios of the
corresponding correlation functions gg's)\, / gé@ (center), and

maximal harmonic generation efficiency r]ir',’gx from Fig. 1(c)

(right).

n A /AR gods /g e x 100%

2 2.86 4 0.08 2.94 4 0.06 (32+0.3) x 1077

3 13.6 +0.8 145+ 0.6 (1.38 £ 0.12) x 10™°
4 71+6 63 +2 (4.9 +0.7) x 10-1

we register only pulses in which the number of photons
in the BSV lies within certain boundaries. This way, we
restrict the BSV fluctuations [38] and mimic the generation
of optical harmonics from coherent light [30].

The power dependences for different harmonics gener-
ation from this pseudocoherent source are plotted in
Fig. 1(c) by empty circles. One can see that the statistical
efficiency is indeed considerably higher for the BSV than
for pseudocoherent light. The enhancement factors are
shown in Table I (second column), together with the ratios
of the correlation functions for the BSV and the pseudo-
coherent light source (third column). As expected, there is
an agreement between the two [39].

To compare the efficiency of harmonics generation from
a degenerate BSV with the one from thermal light, we scan
the BSV wavelength around the degeneracy point 1600 nm
and measure the rates of the SHG, around 800 nm, of the
THG, around 533 nm, and of the FHG, around 400 nm. The
statistical efficiencies calculated according to Eq. (2) are
plotted in Fig. 2, together with the corresponding correla-
tion functions of the BSV. By scanning the wavelength, we
pass from the BSV with thermal statistics (far from the
degeneracy point) to the BSV with superbunched statistics
(around the degeneracy point). The efficiency indeed
follows the correlation function.

Next, we show that the efficiency of harmonic generation
scales with the correlation functions also in the case of a
broadband BSV. To control the statistics of the BSV in this
case, we use an “unwanted” nonlinear process saturating
the intensity fluctuations. Namely, BSV experiences further
second-harmonic generation in the BBO crystal [30]. This
process acts on the BSV as a nonlinear absorber. It reduces
fluctuations by absorbing more photons from higher-
energy bursts [40,41]. The contribution of this process
can be tuned by tilting the crystal closer or further from the
exact phase-matching position. With the crystal oriented far
from the exact phase matching, the strong photon-number
fluctuations of the BSV are maintained.

Figure 3 shows that the statistical efficiencies &) of SHG
(left), THG (middle), and FHG (right) indeed follow the
second-, third-, and fourth-order correlation functions of the
BSV, respectively. Solid lines show linear fits &) ~ ¢, In
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FIG. 2. SHG (a), THG (b), and FHG (c) statistical efficiencies
&M (points) as well as the corresponding correlation functions
(solid lines) measured versus the BSV wavelength. For com-
parison, the expected efficiencies for coherent light are shown by
dashed lines.

all measurements, BSV is 75 nm broad, but, due to the slow
response of the detectors, g(”> have to be measured under
narrow-band (2.5 nm) filtering [30]. Otherwise, intensity
fluctuations within each pulse lead to multimode detection
and therefore to reduced values of correlation functions
[42,43]. On the other hand, the generation of optical
harmonics can be considered as a fast multiphoton detector
[44,45], which “traces” fast fluctuations.

We see that the photon-number “noise” dramatically
increases the efficiency of optical harmonic generation. It
turns out that the generated harmonics are even “noisier”
[9,15,46]. The correlation functions for the harmonics can
be estimated from the ones for the pump. In particular, the

second-order normalized correlation function gglzag for the
nth harmonics is [15,47]

2 g ;!

(0
Note that this formula is valid for any type of the pump
statistics.
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Statistical efficiencies & of SHG (left), THG (middle), and FHG (right) from a broadband BSV show linear dependences on

the corresponding correlation functions, measured with narrow-band filtering. The correlation functions are varied by changing the
orientation of the BBO crystal and hence the efficiency of BSV generation in the same crystal. Low values of the correlation functions
are obtained with the BSV generated efficiently, so that the second-harmonic generation in BBO reduces the photon-number
fluctuations. In the opposite case, with inefficient BSV generation, its superbunched statistics is almost perfectly preserved, and the

correlation functions are high.

Figure 4 shows these values for all three optical
harmonics generated from a superbunched (colored) and
a thermal (shaded) BSV. The expected values are very high
and range from 6, for SHG from thermal light [15,46], to
184, for FHG from a superbunched BSV. The experimental
results, measured using a Hanbury Brown-Twiss setup
with two APDs, are shown by circles on each bar. The data,
in good agreement with the theory, show a huge increase of
fluctuations in the generated optical harmonics.

These results, obtained for one particular case of optical
harmonic generation, show that the BSV is an extremely
useful source for multiphoton effects, in general. Among
other applications, the use of a BSV as a pump will be
beneficial for the multiphoton microscopy of fragile struc-
tures [48] including biological objects [49,50]. Indeed, in
our experiment we generate harmonics without phase
matching from extremely low mean powers (few nW to
tens of uW). According to Fig. 1(c), a certain rate of a four-
photon effect is achieved with a BSV having the mean

100 A E
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g
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FIG. 4. Measured second-order autocorrelation functions g,(ﬁ,z
for the harmonics generated from a superbunched (solid circles)
and a thermal (empty circles) BSV show extremely high
fluctuations of the harmonic radiation, which increase with the
number of the harmonic. The theoretical values are shown by
solid and shaded color bars, respectively.

power about 3 times less than in the case of coherent
pumping. This can dramatically increase the sensitivity
while not overcoming the damage threshold. It becomes
most critical in the case of live cell imaging, where one
should use the lowest possible photon dose [50].

An important feature of the BSV is the time scale of its
photon-number fluctuations. Here we have demonstrated
a bandwidth of 9 THz, corresponding to times of 80 fs,
but one can achieve times at least an order of magnitude
shorter. Such behavior cannot be mimicked by any external
intensity modulation. With such time scales, the BSV is
useful for ultrafast spectroscopy, for example, for testing of
materials response time. Although here for simplicity we
used a single spatial mode, the multimode spatial structure
of PDC will not change its noisy behavior, and one can use
the whole frequency and angular spectrum of the BSV for
exciting multiphoton effects.

Unlike a pulsed coherent source, the BSV has two
typical times: the pulse duration and the intensity correla-
tion time. Both parameters can be tuned in a broad range.
This feature can be used in measurements considered in
entangled-light spectroscopy [51,52] albeit with much
larger photon fluxes than in the case of photon pairs.

Finally, the observation of extremely strong photon
bunching in the radiation of optical harmonics from a
BSV is very interesting in connection with the intensely
discussed topic of extreme events and “rogue waves” [53],
observed for processes with “heavy-tailed” probability
distributions. The observed ¢(® = 110 4 20 is similar to
the maximal values reported in the literature [54,55] and
indicates a photon-number probability distribution with a
very heavy tail. Because of the large dynamic range
covered, such light can be used for the fast testing of
the linear response of optical sensors. The perspective of
observing multiphoton effects from such radiation is even
more interesting; however, it would require a higher
sensitivity than the one of our experiments.
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