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Generation of optical frequency comb squeezed light field
with TEM,; transverse mode
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Nonclassical optical frequency combs find tremendous utility in quantum information and high-precision quan-
tum measurement. The characteristics of a type-I synchronously pumped optical parametric oscillator with the
TEM,, transverse mode below threshold are investigated and a squeezing of 0.7 dB for an optical frequency comb
squeezed light field with the TEM,; transverse mode is obtained under the pump power of 130 mW. This work
has a promising application in three-dimensional space-time measurement.
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Optical frequency combs, which span over thousands of dif-
ferent frequency modes, have found tremendous utility in
precision measurement®? and quantum information®Z. In
2008, Fabre et al. put forward a new scheme combining a
balanced homodyne detector (BHD) with mode-locked
ultrafast frequency combs that lead to a new shot noise
limit (SNL) in time transfer and demonstrated that the
time measurement precision is enhanced by taking advan-
tage of the nonclassical optical frequency combs as the
signal field¥. Then this team experimentally prepared a
spatially fundamental mode nonclassical frequency comb
for the first time and obtained —1.24+0.1 dB of the
amplitude squeezing”. Recently, they have realized
wavelength-multiplexed quantum networks and a quan-
tum spectrometer based on the nonclassical optical fre-
quency combs2L,

Spatial transverse modes own a more complex spatial
structure and more information, thus allowing parallel
transfer of quantum information through an optical net-
work™. Combining the respective advantages of optical
frequency combs and spatial high-order transverse modes,
the quantum network that contains a greater channel
capacity can be achieved by using wavelength division
multiplexing and space division multiplexing®Y. In addi-
tion, high-order transverse mode nonclassical optical fre-
quency combs will hopefully be used in three-dimensional
(3D) space-time measurements.

In 2013, our group observed —2.58 dB of the phase
quadrature squeezing of the TEMy, mode by a type-I
degenerate synchronously pumped optical parametric
oscillator (SPOPO) that operated below its oscillation
threshold™. In the present work, we obtained the ampli-
tude quadrature squeezing of —0.7 dB by the use of the
SPOPO that operated in a high-order transverse mode
state. This work has had a profound effect on the quantum
network and space-time precision measurement.
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Considering a process in which the femtosecond pulse
laser with center frequencies 2w pumping the SPOPO
with a type-I nonlinear crystal is converted into a down-
conversion field at frequencies around w, the interaction
Hamiltonian for a type-I SPOPO is expressed by

Hy =i yjqmlomaq(t)a,(0)b;(t) + He, (1)

J,q;m

where a; (k= m,q) are annihilation operators of
the downconversion fields with frequency w + kQ, p;
(j = m+ ¢) is an annihilation operator of the pump field
with frequency 2w + jQ, and Q is the free spectral range of
the SPOPO and equal to the repetition of the pumping
laser. f{Lm is the phase-mismatch factor, because the fem-
tosecond pulse has a spectral width of several nanometers,
the perfect phase matching is achieved only at the center
frequency. y; ., is the nonlinear coupling constant; it is
dependent on the spatial overlap between the pump
and the downconversion fields and read as

)(j,q,m z){(2)"4[01 :)((2) // ’LLJ’U/T,LUZd.’de, (2)

where u; and u;, (k = m, q) are the transverse distribution
of the pump field and the downconversion fields, respec-
tively, 72 is the second-order susceptibility of the nonlin-
ear crystal in the center frequency, and Ay, is the
interaction area. In our experimental scheme, the down-
conversion fields are operated in the TEM,, transverse
mode and the pump field is in the TEM;, transverse mode.
We can get y; , m = x0/2, which is much smaller than the
nonlinear coupling constant y, between the TEM, pump
field and the TEM,, downconversion fields.¥,
Assuming that the pump field is not depleted, the pump
annihilation operator is approximated as (p;()) ~ ea;, € is
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the electric average amplitude of the pump field including
all of the longitudinal modes, and «; is the normalized
longitudinal mode weight. The Langevin equation of
the intracavity field is expressed as

da . | 2 i
Bt 103 Finiti + B+
q
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where y = y, + 7, is the total decay rate, y, and y, are the
resonant decay rates corresponding to the input coupler
and the vacuum input coupler, respectively; ¢ = &/ 8?& isa
coupling constant, and el =y/ ¥ j.qm denotes the continu-
ous wave (CW) pump threshold of a simple-mode optical
parameter oscillator (OPO) operating in the TEM; trans-
verse mode.

The mode-locked femtosecond pulse laser exports pulse
trains on the order of 10*-10°, so the downconversion
process in the SPOPO is a very complicated multimode
interaction process. This nonlinear interaction is taken
as a multimode correlation, and it can be transformed into
a single-mode squeezed state by the Bloch—Messiah reduc-
tion?. In the SPOPO, squeezing is not effective in a
single-frequency mode, as usual, but instead in a whole
set of “super modes”, which are well-defined linear
combinations of signal modes of different frequencies.
Likewise, super mode &,,(t) satisfies the Langevin

equation:
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where §,,(t) = 3" o Lim,g34(t); Ly, 4 is the coefficient of cou-
pling different frequency signal modes, and A,, is denoted
as the squeezed level of the mth super mode.

After the Fourier transformation, the quantum fluc-
tuation of the output of the SPOPO is calculated as
follows:

o y?(lirAm/AO)Q + 0)2
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where 8 = § 4+ 8 and 507 = —i(§ — ') are the ampli-
tude and phase quadrature of the super mode, respec-
tively, r = ¢/¢ey, is the normalized amplitude pumping
rate, and g, = e} /A)Y (A is about 220) is the threshold
of the SPOPO and is extremely lower than the threshold
of a single-mode OPO.

In our experiment, we only measured the quantum fluc-
tuation of the output fields with temporal zero-order super
modes and spatial TEM; transverse modes. Taking the
loss and the efficiency into consideration, the quadrature

amplitude noise power was written as2

4r
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where 7., = cné is the total detection efficiency and
p =7,/v stands for the escape efficiency.

The schematic of the experimental setup is shown
in Fig. 1. A Tiisapphire mode-locked laser (Coherent
Mira900) pumped by an Nd:YVO, laser (Coherent
Verdil8) at 532 nm produced 130 fs pulse trains at
850 nm with a repetition rate of 76 MHz. These trains were
divided into two parts; most of the light passed the second
harmonic generator (SHG), which produced the pump field
at 425 nm to pump the SPOPO. The remaining part was
broken into two parts by a beam splitter (BS); half of the
light was injected into the SPOPO as the seed beam, the
other half entered into the mode cleaner and generated
the local oscillator field of the BHDZ. The output of the
SPOPO entered into the BHD and was analyzed by a
spectrum analyzer (SA).

In the SPOPO, a length of 300 pm of the PPKTP crys-
tal is taken as a nonlinear medium. The cavity of the
SPOPO includes two concave mirrors M2 and M3 with
30 cm curvature radii and two plane mirrors M1 and M4.
M1 is used as the input coupling mirror, which is highly
reflective at 850 nm and antireflective at 425 nm; M4 is the
output coupling mirror, which is highly reflective at
425 nm and has a transmittance of 7" = 20% at 850 nm.
The length of the round trip is about 4 m, which is as long
as the resonant cavity of the laser. The mode cleaner,
which has the same free spectral regime as the SPOPO,
consists of two concave mirrors with 30 cm curvature radii
and four plane mirrors. In the mode cleaner, two concave
mirrors are highly reflective at 850 nm; the input mirror
and the output mirror all have a transmittance of
T =10% at 850 nm.

In our experiment, we introduced a small tilt in the
front of the SPOPO to produce the TEM,; mode as the
signal field22), Meanwhile, the Hansch—Couillaud locking
method was used to lock the cavity length in order to ex-
port the stable signal fieldsZ. Before the interaction, the
matching between the pump field and the seed beam
needed to meet two conditions, i.e., spatial overlap and
time synchronization. In order to meet these two condi-
tions, the seed beam singly passed the nonlinear crystal
and the generated second harmonic beam interfered with
the pump field; at the same time, we also added the delay
line in the light path. Under the pump power of 130 mW,
the classical gain of the TEM,; mode was 2. When the
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setup. PZT: piezoelectric

Fig. 1. Experimental
transducer.
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relative phase between the seed beam and the pump field
was controlled in the deamplification regime, the noise of
the output field was measured by the BHD. In order to
match the local oscillator with the signal field, the local
oscillator with a temporal zero-order super mode and spa-
tial TEM; transverse mode was selected by the mode
cleaner.

The noise of the input signal field has an influence
on the measurement of the squeezed state. We first mea-
sured the noise of the input signal field that was directly
output from the laser, as shown in Fig. 2. The blue
(dashed) line is the electronic noise, the black (dotted) line
is the SNL, and the red (solid) line is the input signal field
noise. It can be seen from Fig. 2 that our detection system
has a good response above 0.5 MHz and is able to detect
the squeezing. The noise of input signal field reaches the
SNL after 1.2 MHz, but the signal field has a large extra
noise below 1.2 MHz, which will drown out the squeezing
of the output field. In addition, from Eq. (6), we can see
that the lower the analysis frequency is the higher the
squeezing is, so the analysis frequency should be as
small as possible. Based on the analysis, we detected
the squeezing of the output field at the analysis frequency
of 1.2 MHz.

The measurement results are shown in Fig. 3 at the
analysis frequency of 1.2 MHz and the measurement
parameters of the SA with a resolution bandwidth (RBW)
of 470 kHz and a video bandwidth (VBW) of 180 Hz. We
first calibrated the SNL (blue solid line), and next we
measured the noise traces for the output field while the
phase (PZT3) of the local field was scanned. From the
measured data, we find —0.7 dB of the amplitude
quadrature squeezing.

The measured squeezing values were degraded by the
various inefficiencies of our setup. We estimated this effi-
ciency niora = cné, where ¢ = T78% was the measured
propagation efficiency, n = 85% was the measured photo-
diode (Hamamatsu S5971) quantum efficiency, and
& = 87% was the interference visibility between the local
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Fig. 2. Noise of the input signal field.
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Fig. 3. Amplitude squeezing of the TEMy, transverse mode ver-
sus the sweeping time. The black dotted lines are the experimen-
tal plots while the red solid lines are their fittings.

oscillator (280 pW) and the signal field (10.3 pW). The
total estimated detection efficiencies for our experiment
were therefore 7,1, = 57.6%. From these efficiencies, the
inferred amplitude squeezing was —2.3 dB.

In Fig. 3, the noise power lines flutter severely because
the long distance reduces the stability of the system. The
squeezed degree of the high-order transverse mode is lower
than that of the fundamental transverse mode because the
optimal pump transverse mode should be a superposition
of the TEM, mode and the TEM, mode™.

In conclusion, we experimentally demonstrate an opti-
cal frequency comb squeezed light field with a TEM,
transverse mode in the SPOPO. Considering experimental
measurement efficiency, we infer that the amplitude
squeezing is —2.3 dB. Nevertheless, the squeezing is
still relatively low due to the extra losses and various in-
efficiencies in our experiment. In addition, the pump
transverse mode is not in an optimized spatial profile,
leading to the low downconversion efficiency. This work
is significant in quantum networks and space-time preci-
sion measurement.
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