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Squeezed light has evolved into a powerful tool for quantum technology, ranging from quantum
enhanced sensing and quantum state engineering based on partial post-selection techniques. The
pulsed generation of squeezed light is of particular interest, as it can provide accurate time stamp and
physically defined temporal mode, which are highly preferred in complex communication networks
and large-scale information processing. However, the multimode feature of pulsed squeezing in
conventional single-pass configuration limits the purity of the output state, negatively impacting its
application in quantum technology. In this Letter, we propose a new approach to generate pulsed
squeezing with high temporal purity. Pulsed squeezing based on parametric down-conversion in
photonic cavities is analyzed. We show that the effective mode number of the output squeezed light
approaches unity. Such a high-purity squeezed light can be realized with broad parameters and low
pump power, providing a robust approach to generate large-scale quantum resource.

INTRODUCTION

Non-Gaussian states are indispensable resources
required by quantum information processing to
demonstrate quantum advantage [1]. Partial de-
tection of squeezed light is one of the most im-
portant optical approach to generate non-Gaussian
states [2-6]. Optical cat and kitten states have been
generated based on photon-subtraction from single-
mode squeezed vacuum [7-10]. In principle, ar-
bitrary non-Gaussian states, including Gottesman-
Kitaev-Preskill (GKP) state for cluster-modal quan-
tum computing [11-17], can be generated based on
Gaussian-Boson-Sampling (GBS) configuration and
photon-number-resolving (PNR) detection [18, 19].
One critical requirement to implement partial detec-
tion of squeezed light is that all photons must be in
the same spectral-temporal mode. Otherwise, un-
conditioned Gaussian modes will be mixed with the
target non-Gaussian mode, thus decrease the purity
of the output state. Common techniques utilized for
single photons, such as spectral filtering and post-
selection within small time window, cannot be ap-
plied for squeezed light due to the excess loss.

The standard configuration to implement pulsed
squeezing is single-pass parametric down-conversion
[20—-24]. This process intrinsically involves multiple
modes in both space and time, which all have sig-
nificant squeezing and energy [25]. Synchronously-
pumped parametric down-conversion in free-space
cavities has also been proposed for pulsed squeez-
ing [26, 27]. However, the generated squeezing still
contains significant multi-mode contribution. It also
requires that the pump repetition rate matches cav-

ity free-spectra-range (FSR), which is challenging for
integrated cavities with large FSR. While complex
shaping of local oscillator can be utilized to improve
the measured squeezing level [28], it does not work
well on non-Gaussian state generation through par-
tial detection, which requires the separation of dif-
ferent modes. Therefore, a new approach to generate
pulsed squeezing with high purity is highly desired
to future improve the capability of photonic quan-
tum information processing.

In this Letter, we propose a novel approach to
generate pulsed squeezing with high purity. Para-
metric down-conversion in integrated photonic cav-
ities with second-order nonlinearity is pumped with
a pulsed source. Bloch-Messiah approach is used
to decompose the input-output relation into inde-
pendent squeezing modes [29, 30]. We demonstrate
that the effective mode number at the output can
approach unity, showing there is only one dominate
spectral-temporal mode. Unlike single-pass pulsed
squeezing [25], this approach does not require deli-
cate matching between pump bandwidth and ampli-
tude, making it robust and promising for the gener-
ation of complex quantum states.

THEORETICAL MODEL

The proposed configuration is shown in Fig. 1,
which consists of a photonic ring cavity evanescently
couped to a bus waveguide. Phase matching con-
dition is satisfied for degenerate parametric down-
conversion between the pump mode at frequency 2wy
and signal mode at frequency wy. The input pump
pulse with center frequency wpo = 2wy is launched



into the cavity through the bus waveguide.
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FIG. 1. Proposed configuration for high-purity pulsed
squeezing generation: parametric down-conversion in
photonic ring cavities with pulsed pump.

The dynamics of the intra-cavity signal mode a
can be described by the equation of motion[31, 32],
@ _ga - Tas i + i, (1)
dt h k) 2 K3 cin
with intrinsic loss rate «;, bus waveguide coupling
rate 7., total cavity decay v = ~; + ., and noise
operators due to intrinsic loss a and bus waveguide
Qin. The Hamiltonian H can be written as

H =hwy / dwat (w)a(w)
ihk 7~ ~ / /
+ 5 // dwdw'a’ (w)al (W)e(w + ') + h(CQ)

with k the single photon coupling rate for parametric
down-conversion. The intra-cavity pump field e(w)
is written as
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with the bus waveguide coupling rate 7,. and to-
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the spectrum amplitude of the input pulse. Utiliz-
ing Fourier transformation, Eq. (1) can be further
expressed in frequency domain
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By including the complex-conjugation, we can
rewrite Eq. (4) into the following equivalent matrix
form

with the diagonal matrix D(w,w’) = [i(w — wg) —
/2] - §(w — w') shows the effect of frequency detun-
ing and energy decay, and the matrix E(w,w’) =
ke(w + w') shows the nonlinear interaction. Then
the output field can be derived based on the input-

output theory
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Here we assume the intrinsic loss of the photonic
cavity is Markovian [32], and can be modeled as a
virtual waveguide with the input mode ¢ and out-
put mode G(®) (dashed line in Fig. 1). Then Eq. (6)
is converted to the symplectic form




Based on Bloch-Messiah decomposition [29, 30], the core matrix [(I I) +v (
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posed into a series of independent Bogoliubov transformations with unitary matrix P and Q.
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Therefore, the overall input-output relation is
modeled as a multi-mode optical parametric ampli-
fier sandwiched by two beamsplitters with reflection
R = 7./~ (Fig. 2). The spectral-temporal shape of
the characteristic modes (b;p ) is determined by the
unitary transformation Q.

b =" (o) +,[Ta0w) . o)

Each characteristic mode undergoes independent
squeezing

Eout,k = cosh fki)m,k + 0 sinhfkl;jn,k (10)
where & and 6, are the squeezing amplitude and
phase of the kth mode. After mixing with vac-

uum at the second beamsplitter, the variance of the
squeezed quadrature of the kth mode is
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This result is identical to the well-known CW squeez-
ing [31], where the maximum squeezing is limited by
the intrinsic loss of the cavity. Over-coupled cavity
(ve >> ;) is required to realize high squeezing. The
effective mode number K can be directly calculated
from the squeezing amplitude &.

K = (Zk Sinh2 gk)2 (12)
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The effective mode number equals to unity when
there is only one non-zero squeezing amplitude.

Our derivation assumes that the pump is below
threshold so that all the output modes are still
squeezed vacuum. The pump threshold can be de-
termined when the gain for any intra-cavity mode is
equal to the amplitude loss rate v/2. By rewriting
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FIG. 2. Equivalent photonic circuit of parametric down-
conversion in a photonic cavity with pulsed pump.

Eq. (1) into rotation frame @ — a - e’ and taking
average on initial vacuum state, we can express the
classical dynamics of the intra-cavity field as

(a) = —3 (@) + Bla)". (13)
The solution to Eq. (13) has the form (a), = Sk-e**,
where A\ and Sy are the kth eigenvalue and eigen-
state of matrix E [26]. We label the eigenvalue with
the largest modulus as Ag. As \g can always be made
a real number by adjusting global phase, the criteria
for threshold becomes A\g = /2. It is noteworthy
that the eigenstates of intra-cavity modes are dif-
ferent from the characteristic modes obtained with
Bloch-Messiah decomposition at the output.

NUMERICAL SIMULATION

As can be seen from the last section, all criti-
cal properties of the output state depend on the
distribution of squeezing amplitude &;. In order
to get further insight, the generation of pulsed
squeezing in photonic ring cavities is investigated
numerically.  Without loss of generality, we as-
sume the input pump has Gaussian spectrum shapes
Ep(w) o e (m2(w—w0)?/5" with full-width-half-
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FIG. 4. The spectral ampliftude (solid) and phase
(dash) of the first three characteristic modes near pump
threshold. This figure assumes 7, = 2y and § = 2.

maximum (FWHM) 6. The threshold condition
needs to be determined first. Using the condition
Ao = 7/2, we obtain the relation between intra-
cavity threshold power P;;, and pump bandwidth
0 (Fig. 3). Here we assume the pump and signal
modes have the same quality factor, thus v, = 2.
Monotonic decay of the intra-cavity threshold power
P, with respect to pump bandwidth ¢ can be ob-
served, due to the contribution from multiple pump
frequency components. Compared with CW pump,
the intra-cavity threshold power can be decreased
by three orders of magnitude, making this scheme
highly power efficient.

Through Bloch-Messiah decomposition of Eq. (7),
we can obtain the spectral shape (Fig. 4) and squeez-
ing amplitude (Fig. 5) of each characteristic mode.
Then the squeezing level can be estimated with
Eq. (11). The squeezing level of the first charac-
teristic mode is plotted in Fig. 5(a). As expected,
the squeezing level increases with pump power be-
low threshold, and lower intrinsic loss leads to higher
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FIG. 5. (a) Squeezing level of the first charactgristic
mode with different intra-cavity power Pea. and intrinsic
loss 7;. (b) Squeezing level of high-order characteristic
modes with intra-cavity pump power at Peay = 0.99P;y,.
This figure assumes v, = 27y and § = 2-,,.

squeezing. We further plot the squeezing level for
high-order modes. Due to smaller optical gain,
the squeezing level for high-order modes decrease
rapidly (Fig. 5(b)). Based on Eq. (12), this in-
dicates the output field will have a small effective
mode number and high purity without any filtering
and post-selection. When pump power is small, the
effective mode number stays constant where entan-
gled photon pairs are generated. With the pump
power approaching threshold, the effective mode
number drops to a value limited by pump bandwidth
(Fig. 6(a)).

We further observe that the effective mode
number decreases monotonically with both input
pump bandwidth § and pump cavity linewidth ~,
(Fig. 6(b)&(c)). The signal cavity with small
linewidth ~ will function as a spectral-temporal filter
to enhance the first characteristic mode and suppress
high-order characteristic modes. With larger input
pump bandwidth § and pump cavity linewidth -,
the filtering effect is more significant, thus leading to
smaller effective mode number. This filtering effect
is different from adding narrow filters after squeezing
generation, as the parametric down-conversion and
filtering happen simultaneously in the same cavity.
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FIG. 7. Proposed setup for local oscillator shaping.

Therefore, no extra loss will be introduced. This
filtering effect can be clearly observed in Fig. 6(d),
where the FWHM of the first characteristic mode
increases rapidly with small pump bandwidth, but
saturate with large pump bandwidth.

In order to access the maximum squeezing, the
spectral-temporal shape of the local oscillator must
match the first characteristic mode. Based on the
fact that the first characteristic mode shape is criti-
cally dependent on the filter effect of the signal cav-
ity (Fig. 6(d)), we further design an easy and efficient
method for local oscillator shaping.

As shown in Fig. 7, the generation of the pulsed
squeezing follows the standard configuration, where
a strong optical pulse at the signal frequency is used
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FIG. 8.  (a) The overlap between first charactgristic
mode and the filtered local oscillator with depenflence

on 6 (b) Measured squeezing level as a function' of ¢
with filtered (blue) and perfectly matched local oscilla-
tor. Insets are zoom-in of the intermediate region be-
tween quasi-CW pump and pulsed pump. This figure
assumes Peay = 0.99Pn, vp = 27, and v; = 1/87.

to generate the pump pulse for parametric down-
conversion. A small portion of the optical pulse
is tapped to serve as the local oscillator. In order
to match the spectral-temporal shape of the first
characteristic mode, the optical pulse can simply
goes through a optical cavity with Lorentzian line-
shape. The cavity linewidth ¢ is optimized to ob-
tain the maximum mode overlap and squeezing level
(Fig. 8). With small pump bandwidth, the system is
in quasi-CW regime, and local oscillator without any
mode shaping can achieve near-perfect mode match-
ing. With large pump bandwidth, the filter effect
of the signal cavity is significant. A proper filter
cavity for the local oscillator is required, and near-
perfect matching can be achieved. As small effec-
tive mode number is obtained only with large pump
bandwidth, this approach for local oscillator shaping
should be sufficient.

DISCUSSION

While the current analysis is based on degener-
ate parametric down-conversion, the generalization



to non-degenerate cases is straightforward. The dy-
namics of intra-cavity modes for signal a; and idler
Go can be written as

0 :/dw’[i(w —wi) — %WW - w)an(w)
+ /dw’ns(w +w')a] (W) -
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with the index (k,1) = (1,2) or (2,1). Bloch-Messiah
decomposition needs to be applied to signal and idler
simultaneously. All conclusions for degenerate cases
remain valid for non-degenerate cases. The pulsed
squeezing generation with non-degenerate configu-
ration can be realized with both parametric down-
conversion [33] and spontaneous four-wave mixing
[34]. For parametric down-conversion, it is easier to
achieve pump cavity linewidth much larger than sig-
nal cavity linewidth (v, >> 7), due to the vastly
different wavelengths. This is beneficial to achieve
small effective mode number. Recent development
of aluminum nitride [33, 35-37] and lithium niobate
[38—40] photonics has made it possible to demon-
strate pulse squeezing with the proposed method.
On the other hand, four-wave-mixing has a wider
collection of materials as it does not require non-
centro-symmetric crystal structure. Based on Hydex
silica glass, non-degenerate four-wave-mixing with
pulsed pump is demonstrated for photon pair gener-
ation, whose experimental result matches our theo-
retical calculation [41, 42].

CONCLUSION

In conclusion, we have proposed a novel approach
to generate pulsed squeezing with high temporal pu-
rity. Parametric down-conversion in photonic cavi-
ties with pulsed pump is analyzed based on Bloch-
Messiah decomposition. We show that near-unity ef-
fective mode number can be obtained. Large pump
cavity linewidth and pump bandwidth are preferred
to decrease the effective mode number. As the de-
pendence of effective mode number on pump cav-
ity linewidth and pump bandwidth is monotonic,
no delicate balance between the pump power and
linewidth is required, making the approach robust.
An additional benefit is the low pump threshold due
to the contribution from multiple frequency compo-
nents, leading to the high power efficiency of this ap-

proach. We further designed an easy method to re-
alize optimum matching between local oscillator and
output characteristic mode for maximum squeezing
measurement. The robustness, high efficiency, and
easy match of local oscillator make this approach
promising for large-scale quantum network and com-
plex quantum state generation.
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