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Harmonics-assisted optical phase amplifier
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Abstract

The change in the relative phase between two light fields serves as a basic principle for the measurement of the
physical quantity that guides this change. It would therefore be highly advantageous if the relative phase could be
amplified to enhance the measurement resolution. One well-known method for phase amplification involves the use
of the multi-photon number and path-entangled state known as the NOON state; however, a high-number NOON
state is very difficult to prepare and is highly sensitive to optical losses. Here we propose and experimentally
demonstrate in principle a phase amplifier scheme with the assistance of a harmonic generation process. The relative
phase difference between two polarization modes in a polarized interferometer is amplified coherently four times with
cascaded second-harmonic generation processes. We demonstrate that these amplification processes can be recycled
and therefore have the potential to realize much higher numbers of multiple amplification steps. The phase
amplification method presented here shows considerable advantages over the method based on NOON states and

will be highly promising for use in precision optical measurements.

Introduction

Phase is one of the most important parameters in both
wave optics and quantum mechanics. The relative phase
between two light fields in an interferometer or in a
superposition state in quantum mechanics is highly sig-
nificant because the dynamic changes in many physical
quantities, including displacement, temperature, and elec-
trical and magnetic fields, can be transduced into changes in
the relative phase between light fields or wave functions’ .
Therefore, most high-precision measurement tasks can be
converted into the measurement of the phase change in a
specific physical process, and methods to amplify the phase
are highly important for phase measurement resolution
enhancement in metrology operations.

One well-known method that is used in quantum optics
to realize phase amplification is based on the multi-
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photon number and path entangled state known as the
NOON state (|N :: 0) = (|NO),5+|ON),5)/v2), which
contains N indistinguishable particles in an equal super-
position, with all particles being in either of the paths A or
B'. For interference with NOON states, the phase oscil-
lation is N times faster than that for a single photon, and
because the effective N-photon de Broglie wavelength is
A/N, this will result in phase super-resolution for high-
precision measurements’.

Although NOON states can be used for phase amplifi-
cation and precision metrology applications, it is very
difficult to prepare NOON states with high photon
numbers; the highest number of the NOON state to be
prepared to date® is around 10. Additionally, the detection
probability is very low when N is large, and a high-
photon-number NOON state is highly sensitive to any
optical losses experienced by the photons. Therefore, the
determination of another phase amplification method that
is much more robust than that using NOON states would
be highly significant.

Here we propose and experimentally demonstrate, in
principle, a new phase amplification scheme based on
assistance from harmonic generation processes. In the
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proposed scheme, the relative phase between two polar-
ization modes in a polarized interferometer is amplified
coherently four times based on the cascaded second-
harmonic generation (SHG) processes. Furthermore, we
experimentally demonstrate that the phase amplification
is not determined by the change in the laser frequency, it
can still work even after the second-harmonic frequency
is converted back to the fundamental frequency via the
difference frequency generation (DFG) process, therefore,
higher amplification levels could be achieved in an SHG-
DFG recycled scheme.

Our proposed phase amplifier is realized with the
assistance of a three-wave mixing process (TWM), e.g.,
SHG, sum-frequency generation (SFG) or DFG. In TWM,
the annihilation of two photons serves to create a new
photon from a microscopic viewpoint. The interaction
Hamiltonian can be expressed as’

Hes = ik (ana2df — af ayas) (1)
where @; and a; (i =1,2,3) represent the annihilation
and creation operators, respectively, of the three inter-
acting photons; in addition, x is a constant that is
proportional to the second-order susceptibility y*), the
pump power and other experimental parameters of
the nonlinear crystal used here. In an SHG process, the
annihilation of two photons at a fundamental wavelength
creates a photon at the second harmonic wavelength; this
simple interaction process will lead to new elements being
used to manipulate different aspects of light.

This process is inspired by our previous work, in which
we realized SHG of light carrying superposed orbital
angular momentum modes'% in that work, we demon-
strated that the orbital angular momentum carried by

light is doubled after the SHG process and also found that
the relative phase between the superposed orbital angular
momentum modes is also doubled in SHG (see Eq. (3) in
Ref. '°). Two basic questions then naturally occur: can this
phase doubling effect be generalized to optical superposed
modes in other degrees of freedom, such as the polar-
ization or the optical path? Can the higher phase ampli-
fication be realized by using cascaded TWM processes?
Our answer to these questions is “yes” in both cases, and
in the text below, we will illustrate the basic idea of the
scheme and present a detailed proof-of-principle experi-
mental demonstration.

Figure 1 shows a graphical summary of the main con-
cept of this work. Figure 1a shows a schematic of a linear
Mach-Zehnder interferometer (MZI) and Fig. 1b shows a
nonlinear MZI based on the use of SHG. If we assume
that the same phase difference is introduced into both
interferometers at the fundamental wavelength, then the
speed of variation of the interference fringes in the non-
linear MZI is twice as fast as that in the linear MZIL. In
wave optics, the interference fields at the output ports of
these linear and nonlinear MZIs can be expressed as:

Ei(0) = E1(0) 4 €@ E,(w) (2)
ENL(ZG)) = El (2&)) + eiz(D(w>+iAcD(2w)E2(20)) (3)

where E; () and E,(w) are the two superposed light fields
at the beam splitter, and @ (w) is the phase difference
between these two fields at the fundamental wavelength.
E1(2w) and E,(2w) are the two superposed SHG light
fields at the beam splitter, and the relationships between
the SHG beam and the two fundamental beams are given
by Ei(20) x Ej(w)® and E»(20) x Ey(w)?, respectively;
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and A®(2w) is the phase difference between the SHG
beams. If the nonlinear interferometer contains n™
harmonic generation processes, then the output fields
from the nonlinear MZI can be expressed as:

Ent(nw) = E) (nw) + "®@HACU0) B (4149) (4)

where E)(nw) and E,(nw) are the two superposed n™
harmonic light fields at the beam splitter, and the
relationships between these #™ harmonic beams and the
fundamental beam are given by Ej(nw) o« Ej(®)” and
Ey(nw) x Ex(@)", respectively. AD(nw) represents the
total phase difference that contains the phase difference of
the harmonic beams ranging from the 2nd to the nth.
These phase differences are caused by different dispersion
of the two polarized modes transmitting through different
optical elements such as nonlinear crystal, wave plates,
polarizing beam splitters (PBSs), etc., and can be kept
constant during the experiments. By assuming E;(w) =
E(w), Egs. (3) and (4) clearly indicate that the phase
difference ®(w) introduced by the fundamental beam is
amplified to #®(w) and the light intensity is given by
I (nw){1 + cos[n®(w) + AD®(nw)]}. The dependence on
n®(w) rather than ®(w) is phase super-resolution: one
cycle of Iyp(nw) implies a smaller change of the phase
difference than one cycle of I (w)".

In Fig. 1c, a polarized Michelson interferometer is used
instead of the MZI and works in a manner similar to the
system in Fig. 1b, but it is much easier to realize experi-
mentally. For the scheme in Fig. 1¢, ®(w) in Eq. (3) can be
adjusted by controlling arm difference in the Michelson
interferometer with a modulator or a piezoelectric
transducer, while A®(2w) is a constant that contains all
the phase difference generated in the MZIL

To demonstrate that the phase amplification is not
frequency-dependent, we propose and experimentally
demonstrate the scheme shown in Fig. 1d. In this scheme,
a SHG-DFG module that can double the phase but not
change the frequency is inserted in one arm of the MZI,
which converts the frequency from o to 2w in the SHG
process and from 2w back to w in the DFG process. The
interference field at the output ports can be expressed as

ENL(‘U) =L (w) + ei2®(w)+iACD(2w)E2(w) (5)

The phase difference is amplified by 2 times without
changing the frequency, which demonstrates that the
phase amplification is frequency-independent. Moreover,
if the nonlinear conversion efficiencies for both SHG and
DFG are high enough, then the output light can enter
another SHG-DFG module to realize 4 times phase
amplification. Considering that the nonlinear conversion
efficiency is dependent on the laser intensity, this scheme
could be cascaded more times to achieve much higher
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amplification levels for the phase difference if a high-
intensity laser is used. Some additional recycling methods
that can be used to achieve high amplification levels are
described in the Supplementary Information.

Results

To realize interference of the SHG beams, a phase
doubling module can be constructed using either a Sagnac
loop with a nonlinear crystal'' or orthogonally placed
nonlinear crystals'>. These two methods represent better
options than the MZI with respect to the phase difference
stability because the two polarization components trans-
mit through the same path. In our experiment, the Sagnac
loops and orthogonally placed crystals are cascaded to
realize interference of two fourth-harmonic (FH) beams
and thus demonstrate that the measurement resolution of
the phase difference is amplified by four times.

We used a femtosecond pulsed laser with a centre
wavelength of 1560 nm as the fundamental frequency light
source to pump the two cascaded SHG modules, as shown
in Fig. 2. Full details of the experimental setup are sum-
marized in the Methods section. The interference results for
the fundamental, SH and FH beams are shown in Fig. 3a—c,
respectively. The y-axis in Fig. 3 represents the measured
optical power and the x-axis represents the change in the
optical path difference (OPD). As shown in Fig. 3, the
periods of the interference curves of the SH and FH beams
are reduced to 1/2 and 1/4, respectively, compared to the
fundamental interference curves, which indicates that
the phase difference 2m corresponding to one period of the
interference curve is amplified to 4m and 8m respectively.
Therefore, these results clearly demonstrate that the phase
difference for the fundamental beam has been doubled and
quadrupled by SHG and FHG, respectively.

Significantly, the three OPDs shown in Fig. 3a—c are all
obtained from the same Michelson interferometer, in
which the centre wavelength of the light is always
1560 nm. Although the observed phase doubling is
accompanied by frequency doubling, the latter is not the
reason for the occurrence of the former.

To demonstrate that the observed phase doubling is
independent of the operating wavelength, we performed a
DFG process to convert light with the wavelength of
780 nm back to 1560 nm and thus verify that the phase
doubling still exists. Because the output light after both
SHG and DFG has the same wavelength as the original
input light, phase doubling can be realized by imple-
menting both SHG and DFG in a single arm of the
interferometer. In the experiment, the DFG procedure is
the inverse process of type-II (yzy) SHG; the setup used is
shown in Fig. 4a. We assume here that the states of the
horizontally and vertically polarized light after the
Michelson interferometer are |¢;,w,H) and |¢p,,w,V),
respectively, where ¢; and ¢, represent the initial phases,
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Fig. 2 Experimental setup schematic. HWP half-wave plate, QWP quarter-wave plate, DHWP 1560 nm/780 nm dichroic HWP, PBS polarizing beam
splitter, DPBS dichroic PBS, M silver-coated mirror, T translation stage, PZT piezoelectric transducer, DM dichroic mirror, BPF 390-10 nm band-pass
filter, PPLN periodically poled lithium niobate crystal, BBO 3-barium borate crystal, S small hole, P polarizer, IR OPM infrared optical power meter, VIS
OPM visible optical power meter, L lens, lenses L1 and L3 are used for focusing and L2 and L4 are used for collimation, and the focal lengths of L1-L4
are 200 mm, 200 mm, 50 mm, and 100 mm, respectively

which are dependent on the lengths of the two inter-

a ferometer arms. After SHG, the state |2¢),,20,V) is
_ 300 generated from |¢,, w, V). A dichroic mirror (DM) is used
E to separate the light at the different wavelengths (1560 nm
g 200 and 780 nm) into different paths. In the path for the
g 1560 nm light, a polarizing beam splitter is used to filter
g out the state |¢,,w,V). The two remaining states,
g’ 100 |25, 2w, V) and |¢;, @, H), are then combined to perform
= the DFG operation and the state |2¢, — ¢, ®, V) is gen-
0 erated. Finally, a polarized Michelson interferometer is
b used to compensate for the OPD caused by polarization
5 mode dispersion, and a polarizer is used to produce
£ polarized light interference between the states
g |2¢p5 — 1,0, V) and |¢,, w, H). The interference result is
13 dependent on the phase difference2(¢, — ¢;), which is
2 doubled compared with the original phase difference ¢, —
2 ¢;. The data shown in Fig. 4b confirm that the phase
@ difference is doubled.
c Discussion
T In summary, we have presented an attractive method to
2 enable the realization of an optical phase amplifier with the
% assistance of a TWM process in an interferometer. We
= achieve a phase difference amplification of four times in the
'~§_ optical phase amplifier by demonstrating the reduction of
T the period of the interference curve to 1/4 of the original
period. This indicates that anything causing the interference
L 0 ] s > o5 3 a5 curve to change for one period can cause the interference
Change of OPD (um) curve to change for 4 periods by using the optical
Fig. 3 Dependence of optical power after interference on the phase amplifier, therefore the resolution of the inter-
chga'nge i: OPD. a Fun da‘:nemar“ght b SH light:  FH light ferometer is improved by 4 times. We believe the optical

\ ) phase amplifier presented in this work could be used in
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Fig. 4 Experimental setup and results. a Experimental setup used for phase doubling (PD) without frequency doubling. SPF: 1000 nm short pass
filter; LPF: 1400 nm long pass filter; FC: fibre collimator; CH22: channel 22 of a dense wavelength division multiplexing system with a centre
wavelength of 1559.79 nm. b Measured optical power characteristics of interference before and after phase doubling

numerous precision measurement scenarios, such as the
measurements of the optical properties (for example, dis-
persion and absorption coefficients) of transparent materi-
als''*, other physical quantities such as displacements,
angles, and electrical and magnetic fields, which can be
transduced into changes in an optical path length'®, or
interference-based imaging for enhanced image resolu-
tion'®, etc. In principle, the proposed optical phase amplifier
that is based on SHG in our experiment could be gen-
eralized to high-order harmonic generation processes'”'®,

Although a maximum phase amplification of four is
achieved in the experiments presented here, a SHG-DFG
recycling scheme described in detail in the supplementary
material that provides the potential to achieve higher
phase amplification levels is proposed too. In our
experiment, the FHG efficiency of 0.07% and the DFG
efficiency of ~2% are low because of the low pump power
and mismatched bandwidths (the bandwidths of two
input lights and the acceptance bandwidth of the crystal
should be matched to obtain high DFG efficiency). For-
tunately, under suitable experimental conditions (with a
high-intensity pump laser and a proper crystal), the power
conversion efficiency of both SHG and DFG can be
improved up to 80%'%%°, therefore, much higher phase
amplification levels could be achieved in principle. If the
efficiencies of the nonlinear processes are high enough,
the amplification level is expected to surpass the highest

amplification levels achieved using NOON states. More-
over, the method presented in this work is much more
robust than that based on NOON states because the latter
needs to take a long time in the coincidence measurement
by using single-photon detectors. While in this work, the
high-speed photodiode can be used in the real-time
measurement, the interference curves are close to perfect
sine curves, error bars and fitting are not necessary
which are important for processing interference results of
NOON states*"?2,

We realize that there are various studies in phase esti-
mation®~2%, We would like to clarify the obvious differ-
ences between the present work and those schemes.
Previous literatures focus on the phase estimation of non-
classical light sources in a nonlinear interferometer. The
light source generated is far below the threshold of non-
linear processes and the mean photon number is very
small, so these works study the phase estimation in the
quantum regime and one can achieve Heisenberg limits
(1/N) for phase estimation. Besides, the phase estimation
is based on the coincidence measurement by using single-
photon detection or homodyne detection. While in our
present scheme, all light sources are lasers, which are
above the threshold of the nonlinear processes, the mean
photon number is very large, a high-speed photodiode can
be used for measuring the interference curve, and the
limits for phase measurement are the standard quantum
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limit (1/4/N). The distinct feature of our present scheme
is the phase super-resolution: after our phase amplifier, a
change in light intensity in one cycle corresponds to a
much smaller change in phase difference than that before
the phase amplification. The work presented here will
revolutionize our understanding of nonlinear interference
and may open new avenues for interference-based preci-
sion metrology.

Materials and methods
FHG experiment

A schematic of the experimental setup is shown in
Fig. 2. The input light is a pulsed laser beam with a centre
wavelength of 1560 nm, a repetition frequency of 80 MHz
and a pulse width of 150 fs. The linearly polarized beam is
transformed into a 45°-polarized beam using a half-wave
plate (HWP), and thus the input beam is divided equally
into two orthogonal linearly polarized light beams by the
PBS. In each arm of the Michelson interferometer, a
group composed of a mirror and a quarter-wave plate
(QWP) can transform the beam’s polarization state into
its orthogonal state'’, which causes the light to exit the
interferometer from the other port of the PBS. Mirror M1
is fixed on a translation stage that is used to perform
rough adjustments of the OPD between the two arms.
Mirror M2 is fixed on a piezoelectric transducer (PZT)
that is used to enable fine adjustment of the OPD within a
3.5 pum range; the PZT is driven using an amplified tri-
angular wave signal.

In the first SHG module, a periodically poled lithium
niobate (PPLN) crystal with a length of 5 mm is used. The
PPLN crystal satisfying the type-O (zzz) quasi-phase-
matching condition only responds to the vertical polar-
ization of light. Here, a Sagnac loop with a dichroic HWP
inserted is used to realize the SHG process for both ver-
tical and horizontal polarizations, which was demon-
strated in our previous work'’.

In our experiment, the average pump power in each arm
is 135 mW which is limited by the optimum output power
of the femtosecond laser; SH light with a power of 30 mW
at a centre wavelength of 780 nm is generated in each
polarization state. The second SHG module is composed
of a crystal group that comprises two orthogonally glued
type-I (ooe) birefringence phase matching (BPM)-type
B-barium borate (BBO) crystals. Each BBO crystal has a
thickness of 0.5 mm and a phase-matching angle of ~30°.
The two 780 nm orthogonally polarized light beams are
frequency-doubled by the two orthogonally placed BBO
crystals. Each polarization state of the 390 nm SH light
has an optical power of 95 pW. Therefore, the two
orthogonally polarized 1560 nm beams can be frequency-
doubled twice sequentially by cascading two SHGs, and
the resulting 390 nm light can be considered to be the
FHG output from the input 1560 nm laser beam.
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The interference of the FH orthogonal polarization
states can be observed after the light passes through a 45°
polarizer. An optical power meter is used to record the
change in the power that occurs when the OPD in the
Michelson interferometer is scanned using the PZT dri-
ven by the amplified triangular wave. When we observed
and recorded the interference of the fundamental fre-
quency light or the SH light, mirror M3 or M7 was
inserted, respectively, to separate the light beam from its
original optical path; otherwise, these two mirrors are not
present in the optical path.

DFG experiment

In the experiments performed to demonstrate that the
phase amplification process is independent of the oper-
ating wavelength, we introduced the DFG process, as
illustrated in Fig. 4a. In this experiment, we used the same
Michelson interferometer configuration and the same
PPLN crystal for frequency doubling used in the FHG
experiment described earlier. Here, the Sagnac loop is not
used, so the crystal only responds to the vertical polar-
ization of light. DM1 transmitted the 1560 nm light and
reflected the 780 nm light, while DM2 had the opposite
characteristics. The crystal that was used for DFG was a
type-1I (yzy) periodically poled potassium titanyl phos-
phate (PPKTP) crystal with a length of 10 mm. A PBS and
a short pass filter (SPF) were used to filter out the
1560 nm light, thus suppressing the background noise
from the difference frequency light and improving
the visibility of the interference. The second Michelson
interferometer was used to compensate for the OPD
caused by polarization mode dispersion. Because the
spectrum of the 1560 nm light after SHG and DFG was
changed when compared with the original spectrum, a
dense wavelength division multiplexing system was used
as a narrow band filter (full width at half maximum of
200 GHz) to improve the interference visibility.
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