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Adaptive non-Gaussian quantum state engineering
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Non-Gaussian quantum states of bosons are a key resource in quantum information science with applications
ranging from quantum metrology to fault-tolerant quantum computation. Generation of photonic non-Gaussian
resource states, such as Schrodinger’s cat and Gottesman-Kitaev-Preskill states, is challenging. In this work,
we go beyond existing passive architectures and explore a broad set of adaptive schemes. Our numerical results
demonstrate a consistent improvement in the probability of success and fidelity of generating these non-Gaussian
quantum states with equivalent resources. We also explore the effect of loss as the primary limiting factor and
observe that adaptive schemes lead to more desirable outcomes in terms of overall probability of success and loss
tolerance. Our work offers a versatile framework for non-Gaussian resource state generation with the potential

to guide future experimental implementations.

DOI: 10.1103/jhkz-84dz

I. INTRODUCTION

In quantum information science, the ability to engineer
and manipulate quantum states is paramount for developing
advanced quantum technologies. Non-Gaussian quantum state
engineering, in particular, stands out as an essential task for
many technologies, providing capabilities that extend beyond
the limitations of Gaussian operations [1,2]. Gaussian states
and operations, characterized by their ease of implementa-
tion and mathematical simplicity, form the backbone of many
quantum information protocols [3—-6]. However, the intrinsic
properties of Gaussian states are insufficient for achieving
universal quantum computation and certain types of quantum
error correction [7-10].

Non-Gaussian quantum states, which deviate from the
Gaussian distribution in their Wigner function representation,
offer unique and powerful resources necessary for the re-
alization of more sophisticated quantum information tasks.
These states enable the implementation of quantum gates and
operations that are essential for universal quantum compu-
tation, facilitating complex quantum algorithms that cannot
be accomplished with Gaussian states alone [11,12]. In quan-
tum communication, non-Gaussian quantum states are strong
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candidates for overcoming the limitations imposed by re-
peaters relying solely on Gaussian operations [13,14]. Fur-
thermore, non-Gaussian operations are pivotal in enhancing
the robustness and efficacy of quantum error correction
schemes, thereby improving the fidelity and scalability of
quantum information systems [15].

The engineering of non-Gaussian states is also crucial for
quantum metrology and sensing [16-20], where enhanced
precision measurements are sought. By leveraging the dis-
tinct properties of non-Gaussian states, quantum sensors can
achieve sensitivities that surpass those of Gaussian squeezed
states.

Continuous-variable (CV) encoding of optical quantum
information has been studied for many years. To achieve an
advantage over classical computing, it is well known that
some element of non-Gaussianity is required [21,22]. This
may be introduced either in the resource states used in the
protocol, in circuit operations, or at the measurement stage.

For quantum computing, discretizing and embedding quan-
tum information in the infinite-dimensional space of an
oscillator offers a route to implementing bosonic error-
correcting codes (BECCs) [23-26] for fault-tolerant quantum
computing using far fewer physical resources compared with
discrete-variable encoding alone.

Nevertheless, fault-tolerant quantum computation can be
achieved by encoding information into specific non-Gaussian
quantum states capable of detecting and correcting shifts
in the quadrature space due to noise in the system [27].
Efficient engineering of non-Gaussian states is therefore
highly desirable to scale up fault-tolerant quantum com-
putation (FTQC). However, while sources of non-Gaussian
states can be deterministically produced with high fidelity in
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FIG. 1. GBS device with N squeezed displaced input vacuum
states and N — 1 photon-number-resolving detectors.

superconducting circuits, their generation presents greater
challenges in photonic implementations where generation ne-
cessitates nonlinear gates or probabilistic preparation of the
initial input states [28-34].

Here, we explore alternative conditional sources of optical
non-Gaussian states. Specifically, we introduce an adaptive
scheme comprising two or more layers of preparation, where
the configuration of the subsequent circuit is set depending
on the number of photons detected in the early stages. We
compare their efficiency in terms of the quality of the gener-
ated state and the probability of success, for different input
states and circuit configurations. Finally, we offer an outlook
for potential experimental implementations.

II. APPROACHES TO NON-GAUSSIAN QUANTUM STATE
ENGINEERING WITH GAUSSIAN
BOSON SAMPLING DEVICES

A. Nonadaptive state engineering

In the continuous-variable domain, an n-mode quantum
state p is Gaussian if its Wigner function W (p) is Gaussian
in shape, that is if it can be expressed as [29]

_exp[ix -9V 'x-9)]
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where V is the covariance matrix and € is the displacement
vector of the state. Any quantum state whose Wigner function
cannot be expressed in terms of (1) is non-Gaussian. Simi-
larly, quantum operators O are Gaussian if they transform one
Gaussian state into another, and are non-Gaussian otherwise.
Considering photonic implementation, the operators that
can be deterministically realized on the optical table—namely,
single-mode squeezing, displacement, phase shifts, and two-
mode beam splitting—are all Gaussian operations belonging
to the Clifford group. Therefore, with these operations alone,
it is impossible to transform the Gaussian vacuum state or any
other Gaussian state into a single-mode non-Gaussian state.
A conditional scheme for non-Gaussian state generation
with linear optics, in a Gaussian-boson-sampling-like (GBS-
like) device, was originally proposed by Su et al. [35]. In this
protocol, illustrated in Fig. 1, non-Gaussianity is introduced
by projection measurements on non-Gaussian Fock states
in the ancillary modes. Starting with an n-mode Gaussian
state, measuring predefined combinations of photons in n — 1
modes can herald the desired non-Gaussian state if the param-
eters of the source are set properly. However, in general, even

(D

the optimal squeezing intensities and angles of the passive
interferometer do not guarantee measuring the expected pat-
tern. Consequently, the probability of detecting the expected
pattern, i.e., success probability, is also taken into account
alongside the distance of the generated state from the target
when optimizing parameters and measurement patterns.

Numerical optimizations of the parameters in GBS-like
sources have been performed to realize Schrodinger cat states
[35] and Gottesman—Kitaev—Preskill (GKP) states [36]. The
results of these optimizations depend on the number of modes
considered, the measurement patterns, and the optimization
weight given to the quality of the output over the success prob-
ability. Overall, the results are promising but show significant
room for improvement, especially in terms of probability,
which is essential for enhancing computational efficiency.

Alternative schemes have indeed been proposed to improve
the quality of the sources, for example, by incorporating ad-
ditional non-Gaussian resources as input [37]. Moreover, one
can envisage adapting the source so that a portion of the circuit
can be reconfigured if some measurements do not yield the
expected outcome.

B. Adaptive state engineering

The main limitation of a conditional source made with a
GBS-like device lies in the probability of generating the state.
Efficient state generation is crucial for most applications. Run-
ning the source several times would increase the operation
time and, as a consequence, the probability of experiencing
loss. On the other hand, multiplexing several sources requires
a proportional use of costly resources. Moreover, large-scale
computations rely heavily on non-Gaussian resources; there-
fore, even marginal improvements in the success rate of the
source can yield substantial benefits for the overall computa-
tional process.

The success probability depends on the parameters of the
sources, namely, the number of modes, the beam splitter ratios
and phase shifting angles, and the squeezing intensities. Al-
though the parameters can be tuned to increase the probability
of success, this is done at the expense of the quality of the
state that is generated in the heralded mode. Such an argument
becomes particularly evident when considering the number of
modes the source uses. Some states can be reached only with
a minimum number of modes, but the combined probability of
measuring a given number of photons in each mode decreases
as a consequence [38].

Indeed, the system in I A does not yield the desired state
unless all measurement outcomes are as expected. Still, the
measurement pattern that enables the generation of the target
state is, in general, not unique: a high-quality state can be
generated using different circuits, each employing different
combination of measurements, provided that each circuit is
tuned according to its corresponding array of detections. For
instance, adding a swap gate between two modes in the unitary
passive interferometer forms a new interferometer that adapts
to a permutation of the original measurement pattern.

However, once a measurement pattern is committed to, the
source can only achieve success with that specific permuta-
tion. This restriction stems from the fact that the measurement
layer represents the final step, preventing any retroactive
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FIG. 2. (a) Adaptive non-Gaussian state generation with GBS-like devices. Here, S represents the squeezing operator, U represents the
unitary linear interferometers, and n; denotes the measurement outcome of the photon-number-resolving detector at the ith mode. Single lines
represent quantum channels, while double lines represent classical channels. (b) Adaptive scheme where the interferometer U, is the sole
element in the adaptive stage. (c) Adaptive scheme analogous to that shown in panel (a) with general Gaussian operations instead of passive
unitary interferometers. (d) General adaptive scheme with Gaussian operations.

modifications to the interferometer or input states. This prob-
lem might be partially addressed by considering an alternative
scheme, the adaptive GBS-like source. In this alternative
source, depicted in Fig. 2, only some of the modes are manip-
ulated in the first stage, and a subset of them gets measured.
The measurement results obtained are then used to inform the
second part of the circuit. The squeezing intensities of the
remaining states, as well as the parameters of a second in-
terferometer that acts on the unmeasured modes, are adjusted
according to the outcomes of the first measurement.

A specific instance of this scheme is illustrated in Fig. 2,
where all modes initially pass through a universal interferom-
eter in the first layer, while the second interferometer is the
only element that adapts based on the measurement outcomes
from the first subset of modes.

The adaptive source can be generalized by allowing inline
squeezing of states besides vacuum. In this case, we consider
using generic Gaussian operations G, defined in terms of
symplectic matrices, instead of the unitary interferometers
as depicted in Fig. 2. According to the Bloch-Messiah de-
composition [39], symplectic operations can be expressed as
a series of two interferometers interspersed with a layer of
inline squeezing single-mode operators. A schematic of the
Bloch-Messiah decomposition is shown in Fig. 3.

In this scenario, the most general scheme consists of a
series of symplectic operations acting on all available modes
at each step, illustrated in Fig. 2.

A further generalization of the scheme can occur by con-
sidering a sequence of adaptable layers, with the information
fed forward through each successive layer. In this regard, it
is important to note that the number of modes and measured
photons necessary to generate a state depends on the state
itself and can be linked to its Stellar rank. Consequently,
for states that are easier to generate, the initial layers of the
adaptive scheme could be sufficient, and the additional layers

FIG. 3. Scheme of the Bloch-Messiah decomposition.

may come into play only when the measurement pattern in the
first layer is not desired, to increase the overall probability of
success.

It is worth stressing that also in the adaptive case the
optimization of the parameters used to find the ideal source
is conventional. It can be biased toward either the success
probability or the fidelity of the output state. Moreover, in the
adaptive scheme, the optimization can be defined in such a
way to favor the generation of the state already at the early
stages or to maximize the overall probability by fixing the
total number of steps. Finally, if we anticipate a high cost for
the adaptivity of the circuit, the optimization could be built to
favor the success for a given measurement.

The feed-forward scheme described so far can be enriched
by introducing single Fock states into the input modes instead
of vacuum states. Indeed, it has been shown in the nonadaptive
scheme in Fig. 1 that introducing these non-Gaussian input
states as an additional source of non-Gaussianity improves
the efficiency of the GBS-like device in generating GKP and
Schrodinger cat states. Here, we evaluate whether the Fock
states actually enhances the efficiency of the adaptive source
and compare its performance to a nonadaptive scheme with
the same number of single Fock states as input. Schemes with
different distributions of input Fock states are not considered
here, but for them, we would anticipate that increasing the
number of single-photon states would improve the overall
efficiency of the source, similarly to what happens in nonadap-
tive sources [37]. In contrast, injecting an equivalent number
of photons into a single mode would not be as effective, as
suggested by the calculations on simulability via coherent-
state decomposition [40]. Finally, we observe that adaptivity,
consisting of the information from the measurement outcomes
of some mode being fed forward to modify the rest of the
circuit, has been shown to be beneficial for other quantum
resource state sources that rely on homodyne detection and
passive interferometers seeded with non-Gaussian states [41].
However, these architectures cannot be as easily generalized
to produce arbitrary target states as GBS-like sources.

III. PHOTON LOSS IN ADAPTIVE STATE ENGINEERING

The discussion developed so far does not impose any spe-
cific constraints on the physical implementation on which
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FIG. 4. Adaptive scheme with loss occurring before and after U,
and U,.

the source should be built, and experimentalists can choose
their preferred one according to costs, availability, space, effi-
ciency, and applications of the source itself. In any case, in the
physical realization of the GBS-like device, certain physical
limitations emerge that significantly impact the efficiency of
the source. The primary issue encountered in photonic imple-
mentations in the real world is loss. For both the nonadaptive
and adaptive sources introduced in Sec. II, loss affects the
circuit mainly at the input and output.

A scheme including loss is illustrated in Fig. 4. Uniform
losses are introduced in every mode twice: right after the
squeezing operation acting on the vacuum state, before detec-
tion in the herald modes, and at the output of the unmeasured
mode. The quality of the output state and, to a lesser extent
the probability of detecting the expected measurement pat-
tern, decrease depending on the intensity of the loss. The
efficiency of the source’s dependence on loss can thus serve
as an additional figure of merit for comparing adaptive and
nonadaptive schemes. Similarly, the performance of schemes
using non-Gaussian input states can be evaluated.

If the loss is known a priori, the circuits can be optimized
accordingly. Simulations on nonadaptive schemes have al-
ready been performed [36]. Similarly, we evaluate how loss
affects the results of an adaptive scheme when the parameters
are optimized for it, and assess whether the robustness of this
scheme, which relies on feedforward information, is compa-
rable to that of the nonadaptive approach.

IV. METHOD

To have a fair evaluation of the adaptive scheme introduced
in Sec. II B, we compare its performance with that achiev-
able using an analogous nonadaptive scheme as described in
Sec. ITA. In particular, we consider the amount of resources
used in both schemes. We use the total number of modes
in each source as the main criterion for a fair comparison.
Whenever a squeezing bound is set in each mode, it is the
same for both schemes. Similarly, the same number of single
Fock states is used in each model, if any.

The sources are optimized using classical simulations of
the circuit implemented with the Python library “Mr. Mus-
tard” developed by Xanadu. Due to simulation constraints and
for a clearer proof of principle, we consider small sources
consisting of three and four modes, but we anticipate that
the adaptive protocol would perform equally well or better as

more modes can be modified based on the information fed
forward.

The source parameters are optimized to maximize a
reward function that is a linear combination of the probability
of success P and fidelity with the target state F. In particular,
we set the reward function to F + P, thus giving the same
weight to both the figures of merit, as prioritizing one over the
other may lead to sources that either have poor success rate or
that generates low-quality states. To ensure a fair comparison
between the protocols, the parameters of the adaptive source
are optimized to match the fidelity achieved by the classical
counterpart. The chosen target states are the Schrodinger cat
states and the GKP grid states, both prominent examples of
non-Gaussian quantum states with numerous applications
such as communication, cryptography, and computation
[36,42-46]. Specifically, we selected the amplitude and
squeezing parameters of the cat states to be sufficiently
challenging to produce using a two-mode circuit, representing
the minimal nonadaptive approach, yet achievable with high
fidelity using a three-mode source, which is the minimal
configuration for a nontrivial adaptive scheme. Regarding
GKP states, we approximated the ideal unphysical state |0;)
with |04 ) such that

0) = 10a) o 3 NV |A), (@)
where
1\ ¢
(@) A = <m> e 27, 3)
Specifically, we target the truncated core state in
4
04d) = S() Y culn), )
n=0

Core state

where ¢, are tuned to maximize (04|0a—1048|044) [36].

V. RESULTS

A. Adaptive state engineering with squeezed states
and photon-number-resolving detector

1. Odd cat states

First, we compare two schemes made of three modes
as shown in Fig. 5. We set the maximum threshold of the
squeezing intensity of the input states to » = 0.5. The target
state chosen for this comparison is a squeezed odd cat state
with @ = +/6, and r = 0.5, that, as desired, is a state that
should present a sufficient challenge when produced with only
two modes, yet it should still be attainable with satisfactory
fidelity.

Initially, the optimization of the adaptive scheme is made
such that it favors the generation of the state after the first
measurement. Indeed, a two-mode circuit can be interpreted
as a three mode circuit in which the third mode is not inter-
fered. In this case, the fidelity between the generated and the
target state is the same for both the adaptive and nonadaptive
scheme when ny = 3 photons are measured: F =~ 97.6%.
The probability, on the other hand, is P >~ 0.43% for the
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FIG. 5. Comparison between the (a) nonadaptive and (b) pseudo-
adaptive schemes for generating the odd cat state. The squeezing is
bounded by rm.x = 0.5. The darker shades in the squeezing boxes
correspond to higher squeezing intensities, with the darkest blue
representing r = 0.5. The pseudo-adaptive scheme is equivalent to
running the nonadaptive scheme a second time. The target state is
the odd cat state with & = +/6. The plus sign indicates that the prob-
abilities corresponding to the two possible outcomes of the adaptive
sources can be summed.

two-mode circuit and P >~ 0.50% for the three-mode circuit.
Therefore, there is a relative gain in probability by adding a
mode of approximately 16%. However, we observe that when
the initial measurements n; of the adaptive circuit differ from
the expected measurements, no combination of squeezing and
interferometer U, can be found that produces a state close
enough to the target. The scheme is effective only if we con-
sider running it again, resulting in a doubling of the probabil-
ity of producing the state, i.e., P >~ 0.86% > 0.50%. This last
result is indeed achievable with two beam splitters and two
photon-number-resolving detectors (PNRDs), which are the
same resources used in the nonadaptive scheme. Alternatively,
one can view it as a scheme in which the state heralded by a
measurement outcome different from the expected one is dis-
carded, and a squeezed vacuum state is used instead to inter-
fere with the state in the third mode at the second beam split-
ter. The schemes with their probabilities are shown in Fig. 5.
Then, we consider an alternative optimization of the adap-
tive scheme, which is shown with the nonadaptive counterpart
in Fig. 6. In this second case, we neglect the circuit with only
two modes and explore the squeezing and interferometers
U, and U, that lead to the generation of states with good

Nonadaptive
P=0.50%

0 —8— =
Adaptive
P=0.57%
T T T T T T T T |
(b)
P=0.50%

Uy

P=0.07%

Us

+

FIG. 6. Comparison between the (a) nonadaptive and (b) adap-
tive schemes for generating the odd cat state. The squeezing is
bounded by ry.x = 0.5. The darker shades in the squeezing boxes
correspond to higher squeezing intensities, with the darkest blue rep-
resenting = 0.5. The target state is the odd cat state with @ = +/6.
The plus sign indicates that the probabilities corresponding to the
two possible outcomes of the adaptive sources can be summed.

probability. We find that the states are generated with the same
fidelity and a probability of 0.50% when one photon is mea-
sured in the first mode and two photons in the second mode.
Interestingly, this probability is the same as that obtained with
a general interferometer acting on three modes. However, us-
ing this second scheme allows for the adaptation of the second
interferometer when the measurement on the first mode does
not yield the expected outcome. Specifically, if we measure
two photons in the first mode, and one in the second mode,
a cat state can still be generated with the same fidelity and
a probability of 0.07%. By summing the probabilities of the
adaptive schemes, we conclude that it provides an advantage
over the nonadaptive one.

We observe also that if the squeezing is not bounded then
choosing squeezed cat states as alternative states does not help
because the complexity depends only on the core of the stellar
representation of the states, and not on the total squeezing that
can be factorized out. The results for probability and fidelity
obtained in this scenario are summarized in Table I. Similarly,
the results achieved by unbinding the squeezing intensity and
targeting the squeezed odd cat state of amplitude o = 2 and
r = 0.5 are given in Table II.
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TABLE I. Results with and without 10% loss for the scheme
shown in Fig. 6. The target is the odd cat state with amplitude o =
V6 squeezing r = 0.5. We limit the maximum squeezing intensity to
Fmax = 0.5.

MP P Pr10% F Fr=10%
Nonadaptive 1,2 0.51% 0.44% 97.6% 66.1%
Adaptive 1,2 0.50% 0.42% 97.6% 41.7%
2,1 0.07% 0.30% 97.6% 10.4%

2. GKP states

We consider now the core state |04) with n,,x = 4 but
with a high A = 10 dB, as described in Sec. IV. We consider
three-mode circuits since the fidelity achievable with only two
modes falls significantly short of 90%. The schemes with their
probabilities are shown in Fig. 7.

In this scenario, by relaxing the constraint on maximum
squeezing, we observe that we can achieve fidelities greater
than 99% with a probability of approximately 2.2% using
the nonadaptive scheme (by measuring two photons in each
PNRD). With the adaptive scheme, the probability increases
to over 3.7% [specifically, 1.8% for measurement pattern (3,1)
and 1.9% for measurement pattern (2,2), while no parameters
have been found to herald the state using other measurement
patterns]. In this specific case, a state with fidelity larger
than 90% is obtained with the same circuit optimized for the
measurement pattern (3,1) even when we measure (1,3) which
happens in 1.6% of the cases.

For even more energetic states or complex setups, we can
consider schemes in which inline squeezing can be imple-
mented in the heralded modes during intermediate steps of
the scheme. Hence, the comparison involves active circuits
in this context. When considering this approach, we find that
the probability of generating |04) with the adaptive method
is approximately 5.7%, as opposed to the previously reported
2.2% probability for the nonadaptive method. The results for
Figs. 7(a) and 7(c) are reported in Table III.

3. Feed-forward concatenated with inline squeezing

As a final consideration, let us explore what happens when
we extend this approach to more modes in a concatenated ap-
proach as shown in Fig. 8. First, if no photons are measured in
the initial detectors, we can replicate the setup as it is. The re-
sults obtained for three-mode sources also hold for four-mode
architectures, as smaller circuits can always be interpreted as
special cases of larger circuits. We begin by considering the
case in which no photons are measured in the initial detector.
In this scenario, the conditional probability for the source to

TABLE II. Results with and without 10% loss for the scheme
shown in Fig. 6. The target is the odd cat state with amplitude o = 2
squeezing r = 0.5.

MP P Pr_10% F FL=10%
Nonadaptive 1,2 5.8% 5.54% 99.4% 69.0%
Adaptive 1,2 5.8% 5.50% 99.4% 69.1%
2,1 0.54% 1.00% 99.4% 40.7%

Nonadaptive
(a) P=22%

0,)

Adaptive
P=3.7%

(b) P (n1=3,n2=1) = 1.82%
P (n1=2,n2=2) = 1.87%

I
I
I
[}
l
: U
I
I
I
]
I
I
I
[}

(c) P (n1=2,n2=2) = 2.20%
P (n1=3,n2=1)=173%
P (n1=1,n2=3) = 1.73%

FIG. 7. Comparison between (a) nonadaptive and (b), (c) adap-
tive schemes for generating |04). Two adaptive schemes are shown
in the figure: in panel (b) the scheme relies on squeezed vacuum
states and passive interferometers only; in panel (c), the adaptive
scheme contains a symplectic operation labeled by G, which here
corresponds to a sequence of a beam splitter, two inline squeezers,
and another beam splitter arranged as shown in Fig. 3.

generate the state with these measurements is given by the
product of the probability of measuring no photons in the first
mode (31%) and the probability of producing the state with
three modes (5.29%), which supplements the probability we
calculated when measuring only three modes.

Similarly, looking at the other combinations when mea-
suring up to four photons in three output modes we increase
the probability of producing the state by an additional 2.77%.
The overall probability for this setup is then 5.29% + (31% x
5.29%) +2.77% =~ 9.7%.

B. Adaptive state engineering with squeezed and Fock states
and photon-number-resolving detector

In this section, we evaluate whether the adaptive scheme
proves advantageous even when a single-photon Fock state
is used in one input mode of the circuit. The comparison
between adaptive and nonadaptive schemes in this case is
displayed in Fig. 9. To do so, we take the even cat state with
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TABLE III. Results with and without a 5% and 10% loss for adaptive and nonadaptive schemes as shown on the schemes as shown in

panels (a) and (c) of Fig. 7. The target state is the GKP state.

MP P Pr—sq Pr—10% F Fr=s% Fr=10%
Nonadaptive 2,2 2.2% 0.11% 0.055% 99.97% 85% 76%
Adaptive 2,2 2.2% 0.048% 0.031% 99.97% 86% 76%

1,3 1.7% 0.120% 0.074% >99.99% 82% 69%

3,1 1.7% 0.019% 0.013% >99.99% 83% 73%

o = +/8 as the target of the source. The fidelity achieved with
only two modes and measuring three photons in the output is
less than 93%.

Conversely, in a three-mode circuit with two two-mode
interferometers U; and U, a fidelity of 95% can be reached
with a probability of 2.4% for the measurement of one and
two photons in the output ports and a probability of 1.3% for
a circuit where the last squeezing and U, are optimized for the
measurement of two and one photons.

The overall probability for this adaptive scheme turns out
to be better than the probability achievable with a nonadap-
tive scheme with three modes, which is equal to 2.6%, once
again proving the advantage of an adaptive scheme in certain
scenarios while maintaining the same fidelity.

C. Loss and adaptivity

Here, we examine the impact of loss on the efficacy of the
various protocols. Specifically, we evaluate how the adaptive
schemes behave in the presence of loss compared with the
schemes where no information is fed forward. In this context,
the photon loss channel can be read a beam splitter with
tunable transmission, where 100% transmission represents no
loss and 0% corresponds to total loss. Unlike the setup used in
Ref. [36], we introduce the loss channel only after the squeez-
ing gates at each mode, and just before detection. Here, we
consider all the loss channels to have the same transmissivity.
In general, when considering different losses in the output, we
observe that the loss introduced in the herald modes is mainly

P=9.7%
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FIG. 8. Concatenated scheme to generate |04). The squares la-
beled by G represent symplectic operations in the input mode.
Here, they correspond to a sequence of a beam splitter, two inline
squeezers, and another beam splitter.

responsible for the drop in probability, while the loss in the
undetected mode affects the fidelity of the generated state.
If the loss is homogeneous among the modes, then the loss
channels applied immediately after the squeezing operation in
each mode can be replaced by loss channels with the same
transmittivity applied after the passive interferometer. This
allows us to shift all the loss introduced in our simulation
to just before the measurement layer of the circuits. We also
extend this approach to circuits relying on symplectic oper-
ations, for which the introduction of loss into all the input
squeezed vacuum states cannot be done in the same way as
in the case of passive interferometers alone, given that some
vacuum states in the input modes interfere with other modes
before being subjected to inline squeezing.

(a) Nonadaptive
P=2.59%

Adaptive

P=3.69%

FIG. 9. Comparison between the (a) nonadaptive and (b) adap-
tive schemes for generating the odd cat state with one single-photon
Fock state in input. The squeezing is bounded by 7. = 0.5. The
darker shades in the squeezing boxes correspond to higher squeezing
intensities, with the darkest blue representing r = 0.5. The target
state is the even cat state with @ = +/8. The plus sign indicates that
the probabilities corresponding to the two possible outcomes of the
adaptive sources can be summed.

053705-7



CRESCIMANNA, YU, HESHAMI, AND PATEL

PHYSICAL REVIEW A 112, 053705 (2025)

TABLE IV. Results with and without a 1% loss for adaptive and nonadaptive schemes as shown in panels (a) and (c) of Fig. 7. P’ and F’
refer to the probabilities and fidelities obtained with the circuits optimized for the presence of loss.

MP P Pi_ia Pi_0 F Fr=1% Floia
Nonadaptive 2.2 2.2% 2.1% 1.9% 99.97% 91.87% 92.42%
Adaptive 2.2 22% 2.1% 1.8% 99.97% 91.86% 92.46%
1.3 1.7% 1.7% 0.33% >99.99% 88.51% 90.85%
3.1 1.7% 1.7% 1.17% >99.99% 89.41% 90.46%

To assess the robustness of the protocols, we initially con-
sider an ideal scheme optimized for a specific target state, then
we evaluate the probability of measuring the expected pattern
and fidelity with the target under varying loss conditions.

First, we consider the effect of loss on the sources shown in
Fig. 6 and in Fig. 7. In Table I, we report the results obtained
with and without loss for the two schemes depicted in Fig. 6.
The target is the odd cat state with amplitude o = +/6 and
squeezing » = 0.5. We limit the maximum squeezing intensity
to rmax = 0.5.

Analogously, in Table II, we report the results obtained
without any maximum threshold on the squeezing and target-
ing the odd cat state with amplitude o = 2 squeezing r = 0.5.

Both the results in Table I and Table II show that there
is no advantage in using the adaptive scheme, particularly
because the fidelity achieved by the state heralded in a lossy
circuit with a measurement pattern that is not used to optimize
the first part of the circuit is significantly smaller than the
other fidelities. A possible interpretation of this result may be
connected to the fact that the optimization of the second part
of the circuit is somehow deceived by a measurement that no
longer corresponds to the expected heralded state.

Now, we want to evaluate how the two schemes compare
when optimized with a priori knowledge of the loss in each
mode. In this case, we consider a scheme with symplectic
operations, as depicted in Fig. 7. In Table IV, we report the
results obtained by optimizing the circuits with a loss channel
defined at the end of each mode. The reported results corre-
spond to circuits with loss levels of L = 0%, L = 5%, and
L = 10%. Our target is the GKP state |04) witha A = 10 dB
as introduced in Sec. V A 2.

As seen in Tables I-III we observe smaller fidelities for
the states generated with measurement pattern different from
(2,2) that is the measurement pattern used to optimize the first
part of the circuit.

However, in the favorable case that even states with the
smallest probability can be used in FTQC applications, the
overall probability achievable with the adaptive scheme is
greater than that of the nonadaptive scheme.

Finally, in Table IV, we compare the results in the presence
of 1% when the circuit is optimized with and without the
knowledge of the loss.

VI. PRACTICAL CONSIDERATIONS

The adaptive schemes we have outlined here necessitate
photonic hardware with several key characteristics. Among
these are high-gain squeezing, low-loss and phase-stable cir-
cuitry, optical delay lines, PNRDs and homodyne-detection.

In free-space implementations, high-gain squeezed light
generation can be achieved with second-order nonlinearities
in waveguide optical parametric amplifiers (OPAs) defined in
periodically poled lithium niobate (ppLN) or potassium titanyl
phosphate (ppKTP). Up to ~20 dB of squeezing is attainable
provided the losses between the squeezer and the circuit are
mitigated. Recently, &8 dB of squeezing was measured from
PPLN [47]. Further improvements in the fabrication of these
devices, and improvements in collection efficiency, should
push these values toward the threshold required for GKP
error correction [48]. Electro-optic modulators (EOM) have
found utility in time-bin encoded programmable interferome-
ters [49], including those used for implementing GBS [50,51].
Optical fiber delay lines can store the quantum states of light
in a subset of modes while the remaining modes are measured
and their outcomes fed forward to additional stages of linear
optical networks. In bulk optics, the length of the delay lines
is predicated on the switching speeds of the tuneable elements
found in the adapted unitary operations in later stages. For
time-bin implementations, this switching speed is typically
around 1 MHz, which requires optical fiber delays of ~200 m.

Integrated photonics provides several attractive features,
making it particularly well suited to adaptive non-Gaussian
state generation. In thin-film lithium niobate (TFLN) in-
tegrated photonics, the OPA and circuit can be integrated
together, thus minimizing the loss in-between. TFLN benefits
from a strong electro-optic effect, enabling the integration of
fast EOMs with up to 100 GHz bandwidth to facilitate fast re-
configuration of the adapted circuits. Such EOM performance
should also facilitate multiplexing of multiple sources to im-
prove further the probability of generating the state of choice.
Long delay lines have recently been reported in time-bin
entanglement experiments on TFLN [52]. Without integrated
detectors on-chip, the out-coupling efficiency becomes a lim-
iting factor in the end-to-end system efficiency. In TFLN,
grating couplers with greater than 80% coupling efficiency
have been demonstrated by incorporating metal mirrors [53]
to reduce absorption in the substrate.

Finally, PNRDs are required to herald the desired
non-Gaussian state. Superconducting transition-edge sen-
sors (TESs), with operating temperatures of ~100 mK, are
currently the leading technology in this area. Detection effi-
ciencies >95% can be achieved in the telecom C-band with
photon-number resolution of up to 20 photons. TES typically
suffer from long-reset times, limiting the rate at which states
can be heralded to ~100 kHz. However, ~1 MHz rates have
recently been reported [54] by improving the heat dissipation
from the TES to the substrate, which together with advances in
TES signal processing [55] could allow state generation rates
approaching 5 MHz. For highly efficient detectors capable

053705-8



ADAPTIVE NON-GAUSSIAN QUANTUM STATE ...

PHYSICAL REVIEW A 112, 053705 (2025)

of distinguishing small photon numbers, the fidelity of the
generated states is not significantly affected by imperfections.
This is because the expected number of detected photons
is generally low, and at least two erroneous detections, one
overestimating and one underestimating the result, must occur
within the same iteration to herald a state different from the
target.

VII. CONCLUSION

We introduced an alternative scheme for non-Gaussian
quantum state generation based on the GBS-like source in-
troduced in Ref. [35]. In our approach, rather than employing
an input layer with squeezed vacuum states, a universal lin-
ear network layer, and a measurement layer, we considered
a scheme consisting of several layers. Each layer has its
own input states, unitary operations, and PNRDs, forming a
concatenation of GBS-like non-Gaussian sources, where the
output state of one layer is part of the input state for the
next. The information on the number of photons detected
is fed forward through the circuit, allowing the interferom-
eter’s parameters to be adapted accordingly. We used the
number of modes as the key resource to ensure a fair com-
parison between our proposed scheme and the original. We
optimized all parameters to maximize both the fidelity of
the output state and the probability of success. Our results
demonstrate an improvement in the quality of non-Gaussian
state generation with the adaptive scheme, in terms of either
success probability or fidelity. Even when a vacuum state is
replaced by a single-photon state at the input, we observe
a relative increase in probability of over 40%, attributable
to the adaptive approach. Finally, simulations conducted on

lossy circuits reveal that, although losses negatively impact
both adaptive and nonadaptive schemes, the adaptive scheme
remains preferable. More specifically, as seen in Table IV,
the adaptive scheme is more resilient to doubling the loss
compared with the nonadaptive approach. Our work provides
a more versatile framework to optimize the generation of non-
Gaussian resource states for applications in photonic quantum
sensing and computation.
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