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We observe clear evidence of adiabatic passage between photon populations via a four-wave mixing
process, implemented through a dispersion sweep arranged by a core diameter taper of an optical
fiber. Photonic rapid adiabatic passage through the cubic electric susceptibility thus opens precise
control of frequency translation between broadband light fields to all common optical media. Areas
of potential impact include optical fiber and on-chip waveguide platforms for quantum information,
ultrafast spectroscopy and metrology, and extreme light-matter interaction science.

When two classical or quantum light waves of disparate
frequencies are coupled in a nonlinear optical medium in
the presence of one or more classical pump waves, their
evolution equations take the form of a coupled quantum
two-state system [1, 2]. Recent advances in photonics-
based quantum information processing have made use
of the analogy, including wavelength-domain Hadamard
operations and Ramsey interference on single photons as
well as wavelength-domain HongOuMandel interference
between photon pairs [3-7].

However, the physics of optical frequency conversion
shares a fundamental problem with the control of popu-
lations in inhomogeneous quantum two-state systems. In
broadband frequency conversion, the varying momentum
mismatch (known as the wave-vector mismatch) over the
range of frequencies involved creates an ensemble inho-
mogeneity. As a result, efficient conversion is limited to
only a narrow bandwidth near a perfectly wave-vector
matched frequency, and a broader conversion bandwidth
can only be achieved by sacrificing efficiency, known as
the bandwidth-efficiency trade-off. The same problems
occur in quantum two-level systems with an ensemble in-
homogeneity: a non-uniform resonance frequency limits a
complete population inversion or any alternative desired
quantum state preparation to a fraction of the ensemble.
A solution for the latter platform has long been estab-
lished: rapid adiabatic passage (RAP) produces a robust
population inversion in nuclear magnetic resonance and
in atoms or molecules without need for electromagnetic
coupling pulses of a precise integrated power and over-
comes the impurity in quantum state preparation from
inhomogeneous ensembles [8-11].

Thus motivated, the concept of RAP in a paramet-
ric three-wave mixing (TWM) frequency down- or up-
conversion process was proposed in analogy to RAP in
quantum two-level systems a decade ago [12]. It was
since demonstrated in spectacular fashion using a slow
sweep of the wave-vector mismatch through a quadratic
electric susceptibility (x(*)) poled aperiodically and lon-
gitudinally. Adiabatic inversion of the photon popu-
lation of an octave-spanning pulse was achieved with

an efficiency above 90% and with close adherence to
the theoretical Landau-Zener (LZ) adiabatic transition
efficiency [13, 14]. Taking advantage of a linearized
phase and amplitude transfer between photon popula-
tions, arbitrary shaping of octave-spanning mid-infrared
pulses was achieved, with potential applications to time-
resolved spectroscopy and phase-controlled strong-field
interactions at the single-cycle duration extreme [15].
The method could also be beneficial to the processing of
broadband nonclassical light fields. These implementa-
tions were carried out using specialized noncentrosym-
metric ferroelectric crystals with x(® poling. To al-
low the RAP concept to be applied universally, it must
be achievable through the cubic nonlinear susceptibility
(x®), which is present in all materials and thus relevant
to all optical platforms. RAP in optical four-wave mixing
(FWM) in cubic nonlinear media was recently predicted
with several key differences to adiabatic TWM [16]: the
effects of self-phase modulation (SPM) and cross-phase
modulation (XPM) always accompany FWM and repre-
sent potentially competing effects in the wave evolution,
and as poling of x(®) has not been achieved, the use of
aperiodic quasi-phase matching to achieve a longitudinal
variation of the wave-vector mismatch must be replaced
by another means.

In this Letter, we demonstrate clear evidence of RAP
between photon populations mediated by x®) in an op-
tical fiber. Adiabatic FWM (AFWM) is demonstrated
through frequency down-conversion by Bragg-scattering
(BS) FWM in a simple photonic crystal fiber (PCF) with
a core taper that allows the wave-vector mismatch to be
adiabatically swept during propagation. We observe ad-
herence of the field-amplitude frequency conversion to the
LZ efficiency of RAP, which has the character of a near-
unitary photon number population inversion for the clas-
sical signal field used in this demonstration. We also ob-
serve the spectral domain signature of RAP: a conversion
band evolution that is no longer subject to a wave-vector-
matching acceptance bandwidth, resulting in an order-
of-magnitude larger conversion bandwidth compared to
an ordinary BS FWM process with uniform and close-to-
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FIG. 1. BS FWM with fixed (a-c) vs. adiabatically sweeping
(d-f) wave-vector-matching Akeg condition. Pa, Pg: non-
degenerate pump photons. S; (¢ = 1,2,3): signal photons.
I; (¢+ = 1,2,3): idler photons. Whereas (a) fixed Akeg se-
lects a limited conversion band S24I2, (d) adiabatic con-
version sequentially converts much wider bandwidth S;<I;
(i =1,2,3). Bloch sphere representations show (b) Rabi flop-
ping vs. (e) adiabatic following dynamics. (c) Oscillatory,
frequency-selective power- and length-dependent conversion
dynamics of constant Akeg contrast with (f) saturating, uni-
form conversion dynamics of the adiabatic case.

unity conversion. Moreover, we find AFWM to be robust
to observed coexisting XPM. Open to platforms suit-
able for low intensity fields such as the highly nonlinear
fiber platform used here and potentially on-chip silicon
waveguides [16], AFWM might be used for the process-
ing of photonic qubits over wide bandwidths. Also open
to high-flux platforms such as gas-filled fibers, AFWM
might be used for the control of strong-field and attosec-
ond domain light-matter interactions [17-22], the spec-
troscopy of ultrafast photo-induced molecular dynamics
[23], laser-based particle acceleration [24], all-optical sig-
nal processing [25, 26], and up-conversion imaging [27].

A BS FWM process involves four distinct optical
fields that exchange photon populations (Fig. 1(a)),
two pumps, a signal, and an idler. Annihilation of a
pump photon A and a signal photon accompanies cre-
ation of a pump photon B and an idler photon such that
wa +wsig = wp+wiar. For sufficiently strong pump fields,
the signal and idler obey coupled equations analogous to

the two-state time-dependent Schrdinger equation [16],

(s )4 gl o
dz | Cra 2| Kk  —Dkeg | | Cia |’

where z is the propagation distance and Cgjz and Ciar
are normalized field amplitudes of the signal and idler,
respectively. Akeg = Ak + Akpy is the effective wave-
vector mismatch, with Ak = kgig — k1a1 + ka — kB equal
to the wave-vector mismatch of the four waves (play-
ing the role of frequency detuning in the quantum two-
level model) and Akpy equal to a shift due to SPM and
XPM (analogous to a Stark-induced transition energy
shift). k = 2vv/Pa Pg is the nonlinear coupling strength
(equivalent to a Rabi frequency), with v a x(*)-dependent
characteristic nonlinear coefficient and P;, (i = A,B) the
power of the two pump waves. A characteristic non-
linear length can be defined as Ly = 1/k (equivalent
to a Rabi oscillation period). Under the condition of
Akeg = 0, known as perfect phase matching (analogous
to resonance), the signal/idler photon state vector evo-
lution traces a great-circle arc on the surface of a Bloch
sphere, Fig. 1(b), where the south/north poles represent
pure signal/idler states. The vector rotation produces
BS FWM frequency conversion and back-conversion cy-
cles analogous to resonant Rabi oscillations, with the
conversion efficiency strongly dependent on pump power
for a given nonlinear medium length (Fig. 1(c)). High-
efficiency conversion is tightly restricted to frequencies
near the perfectly phase-matched frequency, as all other
frequencies have |Akeg| > 0, resulting in rapid low-
efficiency conversion cycles (analogous to detuned Rabi
flopping). AFWM overcomes this limitation by adiabat-
ically sweeping Akeg from large negative (positive) value
to large positive (negative) value, resulting in RAP. As-
suming the system starts in a pure signal state, if the
sweeping rate fulfills the adiabatic condition,

3
2

i A ket — KAkeg| < (K + AkZg) (2)

(where derivatives are with respect to z), the signal/idler
photon state vector undergoes a spiral trace on the sur-
face of the Bloch sphere, creating a complete photon pop-
ulation inversion (Fig. 1(e)). The resulting idler genera-
tion is not only back-conversion-free, but can also cover
orders-of-magnitude larger bandwidth since the sweep-
ing dispersion can traverse the phase-matching condition
(Akeg = 0) for all present frequencies (Fig. 1(d,f)). For
a constant sweep rate, the population inversion efficiency
of RAP was described by Landau and Zener [8, 9], which,
in the context of AFWM is

Nrz =1 — exp(—8mk”/(0Ake/Dz)). (3)

Eq. 3 describes an efficiency that saturates exponentially
with increasing coupling strength x, thus asymptotically
reaching 100% at high pump powers (Fig. 1(f)). Lqq =
1/k? is a characteristic adiabatic conversion length.
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FIG. 2. (a) Experimental implementation of AFWM. M: high
reflectivity mirror; DM: dichroic mirror; L: lens. Ge: Ger-
manium window. (b) Optical microscope image of the PCF
cross-section. (¢) Map of Akeg vs. fiber core diameter and sig-
nal/idler wavelength pairs, with Akeg = 0 indicated in black.
Calculations were performed by finite-element analysis of the
fundamental mode propagation constants. (d) Measured ex-
perimental compared to simulated idler spectra for tapered
(AFWM) and untapered (regular BS FWM) PCF.

To demonstrate AFWM, we conducted the experiment
depicted in Fig. 2(a). Two pump beams were derived
from a Yb3T:YAG laser and its second harmonic (Pump
A: 1030 nm wavelength, 3 ps duration, 110 nJ energy,
and Pump B: 515 nm, 2 ps, 23 nJ). These were com-
bined with a broadband and relatively weak chirped 1-ps
near-infrared signal pulse derived from an optical para-
metric amplifier (Signal: 700-740 nm spectral width, 37
fs if fully compressed, 1 nJ). The diameter of each beam
was adjusted so a single achromatic objective lens could
efficiently couple each beam to its fundamental mode
in the PCF. Silica fiber with high air-fraction cladding
(shown in Fig. 2(b)) was tapered by a redrawing process
of simultaneous local heating with an oxy-butane flame
and stretching [28, 29]. A roughly linearly tapered sec-
tion with core diameter of 4.2 pym to 3.6 um was cut
from the fiber, covering Ak.g = 0 conditions for a signal
(idler) range of 700-723 nm (2180-2430 nm) (Fig. 2(c)).
The small fiber core diameter and thus tight mode con-
finement produced a strong waveguide dispersion depen-
dence on core diameter, allowing a significant longitudi-
nal sweep Akeg(z) through zero for each set of signal-
idler pairs and fulfilling Eq. 2 at sufficiently high pump
power. As we aimed to achieve AFWM while suppressing
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FIG. 3. Numerical simulation of mid-IR idler spectral evolu-
tion corresponding to the experiments for (a,b) a fiber with
4.2 pm to 3.6 pm core diameter taper and (c,d) an untapered
fiber with 4.2 pm diameter.

other possible FWM processes, we minimized the ratio
Loi/Lnr = 1/k by maximizing the pump power and
minimizing the taper length to 3 cm (see Supplemental
Material for further discussion). A CaF5 lens was placed
after the PCF to collect the mid-IR idler spectrum, fol-
lowed by a Ge window (anti-reflection coated for 1.9-6
pum) to block the pumps and residual signal and an In-
GaAs spectrometer. These were alternatively replaced by
a silica lens, bandpass filter (590-740 nm), and Si spec-
trometer when analyzing the signal spectrum.

Observations of the idler generation verified the pres-
ence of AFWM frequency conversion in the tapered fiber
vs. standard conversion in an untapered fiber (Fig. 2(d)).
When the three input beams were coupled predominantly
into the fundamental modes of the larger (4.2-pm diam-
eter) end of the tapered PCF and synchronized in time,
idler generation over the full 2180-2430 nm range was
observed. In comparison, with the fiber replaced by an
untapered 4.2-pym diameter PCF of the same length, a
narrow idler band was observed at 2430 nm.

These measurements were tested against numerical so-
lutions of a generalized nonlinear Schrdinger equation
model [16, 30] of the four broadband fields in our ex-
periment, assuming a linear PCF taper (Fig. 3). These
indicate a clear difference between the evolution dynam-
ics of the idler in the tapered (a,b) and the untapered
(c,d) fibers. Conversion occurs sequentially by wave-
length in the tapered case (a), occurring first for longer
wavelengths, as expected. Frequency line-outs (b) show
the characteristic form of adiabatic passage shown in Fig.
1(f): a rapid photon population inversion where the sys-
tem passes through Akeg = 0, followed by an attenu-
ating and accelerating oscillation as the wave momen-
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FIG. 4. (a) Measured signal spectra under various input beam
conditions: (D signal only; @ signal + Pump B; ) signal +
Pump A; @ signal + both pumps. (b) Measured idler spectra
for varying Pump A (1030 nm) energy.

tum becomes mismatched (Akeg # 0) and coupling is
adiabatically reduced. The simulated and experimental
output idler spectra display a close correspondence (Fig.
2(d)). The fast ripple in the simulated idler spectrum
is due to the varying phase of the decaying Rabi oscil-
lation by frequency and can be only partially resolved
in the experimental spectrum due to limited resolution.
In contrast, the untapered fiber (Fig. 3(c,d)) produces
an idler evolution exhibiting Rabi-like conversion-back-
conversion cycles as in Fig. 1(c), but with deviations due
to an XPM-induced frequency blue-shift. Moreover, as
expected, its conversion bandwidth narrows with length
due to the inhomogeneous oscillation period of the en-
semble of photon frequencies (i.e., the idler frequencies
having different fixed Akeg). Again, the simulated and
measured output spectra closely match (Fig. 2(d)). The
roughly 25-times larger bandwidth of the tapered fiber
(representing a dramatic practical advantage) confirms
the feature of AFWM to allow efficient population inver-
sion in the presence of both significant ensemble inhomo-
geneity and parasitic XPM, as discussed below.

The blue shift noticeable in both fibers is attributed
to the joint occurrence of XPM and temporal walk-off
between pulses. Evidence is found in the experimental
spectra in Fig. 4. As SPM and XPM are automatically
wave-vector-matched processes, these cubic nonlinear ef-
fects are expected to accompany FWM frequency con-
version. At signal and idler wavelengths, XPM driven
by the brighter pump waves are the dominant effect.
Fig. 4(a) shows the measured depletion of the near-IR
signal spectrum accompanying generation of the idler.
When either pump wave is present but not both (traces
@), @), FWM frequency conversion does not occur, but
mild spectral broadening of the signal is observed, a sig-
nature of XPM occurring due to nonlinear polarization
terms Pgig o< X®)(|Ea|? + |E|?) Esig. With both pumps
present (trace @), the signal is significantly and uni-
formly depleted across its entire bandwidth by FWM
with a greater degree of XPM-induced broadening. In
the idler spectrum (Fig. 4(b)), XPM-induced spectral
broadening increases as Pump A pulse energy is increased
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FIG. 5. Integrated idler energy from the tapered (a) and

untapered (b) fibers, with respective fits to LZ and Rabi-
oscillation models of pump energy dependence.

(while keeping Pump B energy fixed at 23 nJ). This is
due to nonlinear polarization term Pq oc x®)|Ea > Era
along with a shift to shorter wavelengths, a consequence
of XPM in the presence of an advance at a rate of 0.11
ps/mm of the 1030-nm pump pulse relative to the idler
pulse during propagation due to their group-velocity mis-
match. The resulting greater overlap with the 1030-nm
pulse trailing edge, where blue spectral shifts are gener-
ated, compared to the leading edge, where red spectral
shifts are generated, results in an overall blue shift.

We expected AFWM efficiency as high as 72%, the
fraction of input signal energy within the PCFs designed
conversion bandwidth (700-723 nm). The observed frac-
tional signal energy depletion (evaluated by comparative
integration of purple and blue curves in Fig. 4(a)), how-
ever, was 50%, indicating a ~70% population inversion,
limited by damage to the fiber at higher pump powers.
Fig. 5(a) shows the integrated mid-IR idler energy for
varying Pump A pulse energy with Pump B pulse en-
ergy fixed at 23 nJ for tapered fibers of 3.0-cm (red) and
1.5-cm (green) length, each having the same 4.2 um to
3.6 pum core diameter taper and with all other experi-
mental parameters kept fixed. These data fit well to the
LZ form y = a(l — exp(—b - x)) and match the form of
Fig. 1(f), clearly indicating adiabatic conversion. As ex-
pected, a higher conversion rate (greater adiabaticity) is
observed for the longer fiber due to its having half the
taper rate and thus half the |Akeg| of the shorter fiber.
In fact, we find b3cm/b1.5em = 2.1 £ 0.8, close to the ra-
tio 2 as expected from Eq. 3. agem = 38.0(£3.1) a.u.
and a1 5em = 36.3(£8.9) a.u. also closely match, as ex-
pected, as the total energy coupled into the fibers should
not vary between experiments. (For corresponding signal
energy curves, see Supplemental Material.) In contrast,
Fig. 5(b) shows the same data for a 3-cm untapered fiber,
which cannot be fit to an exponentially saturating LZ ef-
ficiency function due to the apparent back-conversion.
Rather, the data fit well to the y = a - sin®(b - x) de-
pendence of a resonant Rabi oscillation, as seen in Fig.
1(c). Fig. 5(a) clearly indicates that a higher pump en-
ergy or longer taper should result in fuller conversion.
While damage to the fiber at higher intensity and large



group-velocity walk-off between idler and pump pulses in
longer fibers restricted this study, optimization to fur-
ther expand the efficiency and bandwidth (and to cover
other spectral ranges) might be carried out through ap-
propriate design of the PCF structure and choice of mate-
rial. For example, tight mode confinement in the chosen
PCF resulted in some mode area mismatch that reduced
the effective coupling strength and overall conversion ef-
ficiency. A wider fiber core as might be used for higher
pulse energy applications could eliminate this factor.

Applied to other fiber or waveguide platforms, broad-
band and efficient RAP by FWM frequency conversion
could solve a number of current problems in quantum
optics and laser physics fields. BS FWM has already
been used to demonstrate frequency-domain Hong-Ou-
Mandel interference with ultralow g [7]. An adiabatic
BS FWM process could be used for precise and uni-
form control of the photon splitting ratio over greatly
widened bandwidths and potentially used in low-loss all-
fiber or on-chip platforms. As shown, the adiabatic phase
matching approach also allows a broad conversion band-
width for spectral regions separated by multiple octaves,
and overcomes the traditional restriction of working at
wavelength ranges with low dispersion for broadband
wave mixing in either BS FWM or degenerate-pumped
FWM applications, such as close to a zero-dispersion-
wavelength [4, 7, 25]. For high-intensity, ultrashort pulse
applications, the weak dispersion of gas phase media in
hollow core fibers could allow multiple octaves of con-
version bandwidth while accommodating multi-mJ pulse
energies. As predicted [30], the combination of gas
medium and micro-structured waveguide as available in
anti-resonant and photonic bandgap fiber might be used
to translate the frequency of energetic few-cycle pulses
to mid-IR frequencies desirable for driving strong-field
processes, and is a platform also relevant to the genera-
tion of vacuum-UV light [31]. Pressure or temperature
gradients might alternatively be used to sweep Akeg in
these platforms [16, 30, 32, 33]. Looking ahead, study of
the pump depletion regime of adiabatic frequency conver-
sion - which was found to retain some of the character
of RAP dynamics in TWM [34, 35] - may be valuable
for AFWM applications where pump intensity is limited
or efficient pump conversion is desired. More generally,
through the Hermitian and unitary operation of RAP
combined with BS FWM, AFWM enables precise con-
trol of the two-dimensional Hilbert space of light fields
coupled through a nonlinear polarizability present in all
media while solving the limited momentum-matching ac-
ceptance bandwidth problem, and thus can be expected
to expand parametric frequency conversion to a wide set
of future uses, both fundamental and applied.
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