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Abstract: Spatially structured quantum states, such as orbital angular momentum (OAM)
squeezing and entanglement, is currently a popular topic in quantum optics. The method of
generating and manipulating spatial quantum states on demand needs to be explored. In this
paper, we generated OAM mode squeezed states of —5.4 dB for the LG "' mode and —5.3 dB for
the LG, !'mode directly by an optical parametric oscillator (OPO) for the first time. Additionally,
we demonstrated that the OAM mode squeezed and entangled states were respectively generated
by manipulating the nonlinear process of the OPO by controlling the relative phase of two beams
of different modes, thus making two different spatial multimode pump beams. We characterized
the Laguerre-Gaussian (LG) entangled states by indirectly measuring the squeezing for the
HGp4s°y mode and HGg(135°) mode, and directly measuring the entanglement between the
LG(J;1 and LG ' modes. The effective manipulation of the OAM quantum state provides a novel
insight into the continuous variable quantum state generation and construction on demand for
high-dimensional quantum information and quantum metrology.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Structured light has proved to be important for many applications such as optical microscopy [1],
optical communications [2,3], optical manipulation [4], and many other fields of optics [5,6].
As one of the most typical structured lights, Laguerre—Gaussian (LG) mode, due to its hollow
intensity distribution and carrying orbital angular momentum (OAM), has been widely used in
several areas, such as optical tweezers [7], optical communication [8,9], cold atom traps [10,11],
the optical topological effect [12], and high-precision measurement [13,14].

The LG mode is extended from the classical to the quantum regime. The LG mode squeezed
state, as a probe beam, shows good performance to enhance the precision measurements
[15-17]. As is well known, the fundamental mode squeezing has been routinely applied into the
ground-based gravitational wave detectors (GWD) such as the Advanced LIGO and Advanced
Virgo [18,19] to surpass the shot noise limit. A squeezing of 10 dB is envisaged in the third-
generation GWD such as Einstein Telescope (ET) [20]and Cosmic Explorer (CE) [21]. Except
for quantum noise, the mirror thermal noise in the frequency range of around 100 Hz also
primarily limites the sensitivity of the next-generation GWD. However, high-order LG mode,
instead of the fundamental mode, exhibits lower thermal noise due to their more homogeneous
power distributions [22,23], making the generation of high-order LG mode squeezing necessary.
Meanwhile, the LG mode entanglement has potential applications into quantum information
[24] and building high-capacity quantum communication networks [25,26], due to its unique
capabilities in tailoring the dimensionality of the Hilbert space. Therefore, the OAM squeezing
and entanglement can satisfy different application demands. The purpose of our study is to
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develop an efficient method for generating and manipulating the spatial structure of quantum
states on demand.

Optical parametric oscillator (OPO) is an important device to generate continuous variable
squeezing and entanglement. Generally, the fundamental mode squeezing and entanglement can
be directly generated from OPO with a fundamental mode pump beam. The fundamental mode
squeezing could be transformed into an OAM squeezing through a mode converting device such
as spatial light modulator (SLM), which is a commonly-used methed to generate OAM squeezing
because of its programmable flexibility. Semmler et al. used a spatial light modulator (SLM) to
transform the fundamental mode squeezing into LG mode squeezing [27]. Recently, arbitrary
complex amplitude distributed squeezed states, including LG mode, were realized with high
efficiency using a beam shaping system with two SLMs on the fundamental mode squeezed state
[28]. No report on the direct generation of the LG squeezing mode using an optical parametric
oscillator (OPO) has been published thus far.

For the OAM entanglement generation, Pecoraro et al. used the g-plate to convert a quantum
state of a fundamental mode into the OAM entangled light [29]. However, due to the strong
absorption and the unwanted diffraction of the conversion system, the quantum fields are subject
to large losses and deterioration. Another method to generate the entangled state is directly using
an OPO. Lassen et al. generated the quadrature entanglement of the first-order LG modes with a
type I OPO in 2009 [30]. The continuous variable hyperentanglement of polarization and OAM
was realized in a multimode type II OPO in 2014 [26]. However, most of the previous works
adopted the fundamental mode [31] as the pump to generate the CV OAM quantum state, which
has limited capability to improve the nonlinear conversion efficiency and manipulate the quantum
state.

In this paper, we first produced OAM mode squeezed state of —5.4 + 0.18 dB and —5.3 + 0.12
dB for the LG(J)rl mode and the LG, ! mode respectively in type I OPO below the threshold. To
the best of our knowledge, this is the highest amount of squeezing in the LG mode reported thus
far. Furthermore, the LG mode squeezing was changed into LG mode entanglement by shaping
the spatial structure of the pump mode. We obtained a squeezing of —5.5 + 0.19 dB and —5.3 +
0.17 dB for the HGg@4s°) and HGo(135°) modes, respectively, which revealed the entanglement
between the LG(‘)rl and LG, !'modes clearly. To prove the experiment result, we directly measured
the first-order LG modes entanglement using the balanced homodyne detectors (BHDs). Our
study improves the nonlinear conversion efficiency and reduces the losses introduced by the
optical elements. The efficient manipulation of the OAM quantum state provides a new insight
into CV quantum state generation and construction on demand for high-dimensional quantum
information and quantum metrology.

2. Theoretical model

A spatially tailored pump beam with a frequency of 2w drives a type I crystal and the down-
converted beams with a frequency of w are generated from the OPO cavity. In the interaction
picture, assuming perfect phase matching and exact resonance between the field and the cavity
and assuming that the pump is not depleted, the interaction Hamiltonian of the system is

. At At
Hiyy = ihepump Z Kijly, a; +h.c. (D
kj

Here, k and j represent the two down-converted OAM modes LG;,‘1 and LGﬁ,z2 respectively.
[i(i = 1,2) is the azimuthal index (any integers) corresponding to OAM and p;(i = 1,2) is
the radial index (zero or positive integers). d; and a; are the annihilation operators of the
down-converted fields. &, is the average amplitude of the pump field. «;; is the nonlinear
coupling constant [32], which depends on the spatial overlap between the pump (green) and
down-converted fields (red) as shown in Fig. 1.
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Fig. 1. Schematic illustration of the physical system. The spatially tailored pump beam
Epump (green) drives an optical parametric oscillator (OPO) below the threshold, and
the spatial modes of the down-conversion fields squeezed (SQ) and entangled (EPR) are
generated. EPR (red line) represents the entanglement between a pair of down-conversion
fields with LG modes. SQ represents the squeezing with LG modes. Pump mode LG(l)
(p = 1,1=0) and HG1(45°) with different spatial distributions were used in the experiment
and are the superpositions of HG,y and HGy;.

According to the Eq. (1), the type I OPO down-conversion processes is to meet the conservation
of energy and OAM. Different pump modes correspond to different down-converted fields, thus
providing a method to manipulate the generation of LG mode squeezed state and LG mode
entangled state. Due to the spatial selection of the OPO cavity, the spatial modes are output
with the same order. Here, we only consider the case of |/;] = 1. (a) For the squeezing, the
Hermite-Gaussian HG(4s°) mode is equal to the superposition of the LG 2 and LG, 2 modes.
A pump photon in a LG 2 mode is annihilated in the down-conversion process, and a pair of
degenerate down-converted photons are created, i.e., [| = [, = +1, p; = p» = 0 refers to LG(’)r 1
mode. Similarly, the LGa2 pump mode corresponds to the LG, ! mode squeezed state. (b)
For the entanglement, once a pump photon in the LG(l) (p = 1, I = 0) mode is annihilated
in the down-conversion process, there are two distinct possible channels in which a pair of
down-converted photons are created. The two possibilities are (i) an idler photon is emitted in the
LG(J)r1 mode and a signal photon is emitted in the LG, !'mode, and (ii) a signal photon is emitted
in the LG !'mode and an idler photon is emitted in the LGa1 mode.

3. Experimental setup and results

Figure 2(a) shows our experimental setup. A continuous-wave light beam from a fiber laser at
1080 nm was split into two. One of the beams was upconverted into 540 nm by cavity-enhanced
second harmonic generation (SHG). The SHG output beam passed through a mode converter
MC2, which converted the HGgg mode into the HG»yp mode. The HG,y mode was passed through
a Dove prism and was converted into a HGp, mode. The relative phase ¢ between the HG,o and
HGy; modes was locked to produce the LG(I) (p =1,1=0) mode (¢ = 0) and HG1;(45°) mode
(¢ = m), which then drove the OPO as the pump. In our experiment, the doubly resonant OPO
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was kept resonant for both the 1080nm down-conversion field and the 540nm pump field. The
different pump modes were resonant in the same cavity length as they have the same mode order
and experience the same Gouy phase. The OPO cavity consisted of two curved mirrors (M1
and M2) of 50 mm radius of curvature and two plane mirrors (M3 and M4). A 1 X 5 X 12mm?
periodically poled potassium titanyl phosphate crystal (Raicol, Inc.) was placed in the center of
two curved mirrors. Three of the four mirrors were highly reflective at 1080 nm and 540 nm, R
> 99.95%, while the output coupler mirror M4 was T = 15% at 1080 nm and T = 5% at 540
nm. The squeezed and entangled states were verified using the BHD with spatially tailored local
oscillators (LOs).

Fig. 2. Schematics of the experimental setup to generate squeezing and entanglement.
Half-wave plate (HWP), quarter-wave plate (QWP), polarizing beam splitter (PBS), sec-
ond harmonic generation (SHG), mode convert cavity (MC), Dove prism (DP), green
Mach—Zehnder (GMZ) interferometer for the generation of the pump mode, optical para-
metric oscillator (OPO), balance homodyne detector (BHD), beam splitter (BS), spectrum
analyzer (SA).

With the HG@4s°) as a pump mode, the LG mode squeezing was generated. The HGgo
mode passed through a mode converter MC1, and was converted into the HGjo mode. The
HGp4s°) as an auxiliary beam was generated by converting the HG1o mode using a Dove prism.
Approximately 30 mW of the transmitted light was used as an auxiliary beam for mode matching
between the down-converted beam and OPO cavity, measurement of the classical parameter
gain, and adjustment of the interference efficiency between the down-converted beam and LO
beam. The LO beam was a superposition of HGyp and HGy; modes, and the relative phase
between the HG 1y and HGy; was locked to produce the LG(J;l and LG, I modes. The measured
squeezing levels were then analyzed with a spectrum analyzer as shown in Fig. 2(b). Figure 3(a)
and Fig. 3(b) show the generated squeezing. We measured —5.4 + 0.18 dB and —5.3 + 0.12 dB
of squeezing for the LG and LGa1 modes, respectively. Trace 1 was the shot-noise limit (SNL),
which was obtained by blocking the squeezed light. Trace 2 was the squeezing level that was
normalized to the SNL. The measured efficiency of the spatial overlaps between the signal beam
and LO beam was 0.97 + 0.02, the transmitting efficiency was 0.99 + 0.005, and the measured
photodiode efficiency was 0.97 + 0.02.

With the LG? (» = 1,1 = 0) as a pump mode, the LG mode entanglement was generated.
To verify the LG mode entanglement, we measured the quadrature variances for the HGgs°)
and HGg(135°) modes. The quadrature variances for the HG modes were analyzed using BHD
with a spatially tailored LO mode, which was either a HGg4s°) or a HG1g(135°) mode depending
on the signal mode to be measured (see Fig. 2(b)). The HGg4s5°) mode squeezing level was
—5.5+0.19 dB for the variance <A2}A(HGIO(45(,)> = 0.28 + 0.01, the HG1q(135°) mode squeezing

level was —5.3+0.17 dB for the variance (AzXHG10(1350>> =0.30 £ 0.01, as shown in Fig. 3(c) and
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Fig. 3. Experimental results of the squeezed state with different local mode. Trace 1 (black
line): SNL. (a) Trace 2 (red line): the measured squeezing for the LGS I mode with LG(‘; 1
local mode. (b) Trace 2 (red line): the measured squeezing for the LG(_)l mode with LG, 1
local mode. (c) Trace 2 (red line): the measured squeezing for the HG145°) mode with
HGq45°) local mode. (d) Trace 2 (red line): the measured squeezing for the HGyq(135°)
mode with HG1¢(135°) local mode. The measurement parameters for the spectrum analyzer
are RBW (300 kHz) and VBW (470 Hz), and the analysis frequency is 3 MHz.

Fig. 3(d). Trace 1 and trace 2 were respectively the SNL and the correlation variance that was
normalized to SNL.

By performing a basis transformation from the HG modes to the LG modes, we have

X605y = Kucyo + Xucy) / V2, 2
XHGIO(BSo) = (Xug - )A(HG(H)/ V2, 3)
K1, = Ry +Xy6o1) / V2, )
Xy = Pzt = Prgn) [ V2. )

Here, X and P are the amplitude and phase quadrature, respectively. X LGl = \%2(21 e &Z G ) is
P P D

the amplitude quadrature and P LG, = ﬁ (a LG, Ezz o ) is the phase quadrature. The inseparability

criterion of the entanglement is given by [33,34]
<A2(XLGS] +XLG6')> + <A2(PLG6] - PLG(;')> <2. 6)
From Egs. (2) to (5), we get

2% 2% 2/ % 201 >
<A XHGIO(45°)> + <A XHG10(135°>> = <A (XLG;;‘ + XLG(;I)> + <A (PLG(‘;1 - PLG51)> . @)
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Using the transformation, the criterion reduces t0 (A?Xuc,os0,) + (A2XHG, 1350 ) <2. The
entanglement between the LG 'and LG, ! modes can be witnessed by measuring the quadrature
variances of the HGu4s°) and HGo(135°) modes.

Thus, we have

(A XG50, ) + (A XHG 1250, ) = 0.58 £0.01<2, (8)

which shows the entanglement between the signal modes LG(J;l and LG, ! clearly.

We also directly measured the entanglement by two pairs of BHDs as shown in Fig. 2(c).
Similarly, using the LG(I) mode as the pump, the correlation variances for LG(J;1 and LGa1 modes
were obtained by BHDs at the analysis frequency of 3 MHz. As shown in Fig. 4, trace 1
was SNL and trace 2 was the correlation variance normalized to SNL. Figure 4(a) shows the

anti-squeezing of 3.8 + 0.16 dB for the sum of phase quadratures <A2(PTG+, + PTG" )> (trace 3)
0 0

LG}! L
(trace 4). Figure 4(b) shows the anti-squeezing of 3.2 + 0.12 dB for the difference of amplitude

and the squeezing of —1.8 + 0.12 dB for the difference of phase quadratures ( A2(P"  — P™ p )>
0

quadratures <A2()A(TG+1 - XZLG_I )> (trace 3), and the squeezing of —1.7+0.10 dB for the sum of
0 0

amplitude quadratures Az()A(L’"G+l + )A(Zafl) (trace 4). The small difference between the sum of
0 0

amplitude quadratures and the difference of phase quadratures was due to the existence of the

additional noise [35]. Thus, we have

<A2(5(m

om 2/ pm Hm _
v+ K 0 + (AP — P 1)) =134 200242, ©)

1
LG]

which clearly shows the entanglement between the signal modes LG 'and LG(;I.
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Fig. 4. Experimental results of entanglement. Trace 1 (blue line): SNL. Trace 2 (black
line): the correlation variance for LG(J;1 and LG6 I modes. (a) Trace 3 (pink line): the sum

of phase quadratures <A2(IA’Z1G+1 + P’L”G_l )>; trace 4 (green line): the difference of phase
0 0

quadratures <A2(1'3'Z’G+1 - PanG*I )>. (b) Trace 3 (pink line): the difference of amplitude
0 0

quadratures <A2()A(Z"G+] - XZlG*‘ )>; trace 4 (green line): the sum of amplitude quadratures
0 0

Az(f(znml + )A(TG_ . > The measurement parameters for the spectrum analyzer are RBW
0 0
(300 kHz) and VBW (470 Hz), and the analysis frequency is 3 MHz.

However, vacuum noise was introduced by the beam splitter in the above experimental setup.
Introducing vacuum field, the measured field with the BHD (see Fig. 2(c)) of the entangled state
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can be written as

. 1 .
a?Ga‘ = 6(GLG61 + aZGg‘)’ (10)
1
Am _ A~ AV
aLG(_)l = —‘/E(QLG(—)I aLG(;‘)' an
Here, a™

Tl a; g+ and aZG*‘ are the annihilation operator describing measured field, OPO
6 0 o

direct output field and vacuun(i field.
According to Egs. (10) and (11), the sum of amplitude quadratures describing OPO direct
output field can be inferred:

(AR + Kug) =2 (2R

e XTGa,)> ~1=035. (12)

Similarly, the difference of phase quadratures describing OPO direct output field is

(AP - Prgn) =2 <A2(PZ1G61 - ))-1=032. (13)
Thus, we have
(AP = Pugn) + (W21 + Xygo0)) =0.67<2. (14)

The inferred correlation variance was almost consistent with the result of the first method
((A2XHG 50, ) + (A?KHG 550, ) = 0.58 £ 0.01<2). In fact, the coupled vacuum noise could be
avoided by the direct separation of the two entangled LG modes with an interferometer shown in
Ref. [36].

The measured correlations were degraded by the various inefficiencies during the measuring
process. The total measuring efficiency is expressed as 17, = 1 gu - r]ﬁ o wheren, = 0.98+0.01
is the transmitting efficiency, 7, = 0.97 + 0.02 is the quantum efficiency of the photodiode, and
n,. = 0.97 £ 0.02 is the interference visibility between the signal and LO beams, both for HGy
modes. The measuring efficiency for the total detection is n7,, = 0.89 + 0.03.

4. Conclusion

We implemented the manipulation of the CV OAM mode squeezing and entanglement by shaping
the pump beam profile of the OPO. We experimentally generated the LG mode squeezed state in
the OPO below the threshold with, to our knowledge, the highest amount of squeezing in the LG
mode reported thus far. This technique holds promise for applications into spatial measurements
[15,16]. Besides, the quantum technique may be extended to higher-order LG mode squeezed
states to enhance the sensitivity of gravitational-wave detection [23]. The squeezing level is
mainly limited by the pump power and intracavity loss for the current system. In our next
work, we will optimize the experimental system by using high efficiency beam shaping devices
to increase the optical pump power and designing the OPO cavity with lower internal cavity
loss, thus possibly to obtain squeezing greater than 10 dB. In addition, an effective method
for manipulating the CV OAM quantum state was achieved, which resulted in reduced losses
from optical devices outside the cavity. Therefore, it is much easier to prepare entanglement
between two orthogonal spatial modes within one beam by simplifying the experiment setup for
the application into optical multi-mode quantum communication systems [31,37].
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