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S-I. SINGLE-PHOTON SOURCE

The single-photon source is based on a gated InGaAs quantum dot (QD) embedded in a monolithic micropillar
cavity [1] cooled down to 5K. It is optically excited using the near-resonant LA-phonon-assisted excitation scheme [2]
at an 80 MHz rate. The neutral QD emits linearly-polarized single photons at 928 nm with a lifetime of 92 ps and a 55%
first lens brightness. After spectrally filtering the remaining excitation laser using free-space spectral bandpass filters
(FWHM=800 pm) and coupling into a single mode fiber, the single-photon source device shows a low multiphoton

component with a single-photon purity P = 1 — ¢ (0) > 99 % and a 2-photon indistinguishability M, > 94 %.

300000 A
250000 A

250000 -
200000 -

200000 +
150000

P
€
3
3 150000 A

Counts (ns)

100000
100000 -

50000 - 50000 -

-100 =75 =50 =25 0 25 50 75 100 -100 =75 =50 =25 0 25 50 75 100
Delay (ns) Delay (ns)

FIG. S1: The single-photon source delivers pure and indistinguishable single photons. Single-photon
purity is quantified by the normalized second-order correlation function g (0) = (7.32 4 0.07) x 10~3 (left) and
the Hong-Ou-Mandel visibility Vizonm = 0.9296 + 0.0003 (right) yielding a corrected 2-photon indistinguishability of
M, = 0.9438 £ 0.0003 [3]. The histograms were integrated for 5s and the peak integration window is 1ns. The
integrated values are obtained with no background subtraction.

S-II. OPTICAL SETUP

The overall transmission of the optical setup (see Fig. 1.a in main text) is characterized by the transmission or
efficiency of each module. A precise loss budget of the optical setup is provided in Tab.

Module Transmission/Efficiency | Near-term targets
First lens brightness 55 % 80% [4]
Single-mode fiber coupling 70 % 85% [5]
Spectral Filtering module 5% >82%[]
Demultiplexer 70 % >80%["]
PIC insertion and transmission 45% 70% [6]
SNSPDs 92 % >95%[*"]
Total 8.4+0.2% 27%
Pump laser repetition rate 80 MHz 320 MHz [7]
6-photon countrate 4Hz ~35kHz (computed)
12-photon countrate 200nHz (computed) | ~10Hz (computed)

TABLE S1: Current loss budget of the optical setup (Transmission/Efficiency) and near-term targets. [*] Optical
module in development at Quandela. [**] Commercially available products

Experimentally, the input state of the PIC is fixed to [101010101010). To apply a unitary matrix U acting on
an arbitraty input state |IN) using the universal-scheme 12-mode photonic chip, we first compute the permutation
matrix Uperm S0 that Uperm [101010101010) = |IN). The matrix U’ = U - Uperm is also a 12 x 12 unitary and thus the



universal photonic chip can implement U’. For input states with less than 6 photons, mechanical shutters are used
to effectively reduce the number of photons at the input of the PIC.

Ascella’s detection module is composed of superconducting nanowire single-photon detectors showing an average
detection efficiency of 92 % and dark countrates under 20 Hz. Detection events are digitalized using a time-to-digital
converter (Swabian instruments) and post-processed for sampling N-photon (1 < N < 6) coincidences between all 12
detectors within a 1ns coincidence window.

The polarization in the delay fibers is optimized automatically to ensure a maximal transmission to the polarization-
selective photonic circuit. The excitation laser power is similarly stabilized, ensuring optimal brightness and photon
purity.

S-III. MULTIPHOTON INTERFERENCE CHARACTERIZATION

In this section, we measure all pairwise 2-photon indistinguishabilities, and the genuine 4- and 6-photon indistin-
guishability of the input state of Ascella, i.e. the probability that the n (n = 4 or n = 6) photons are identical [8, 9].
This initial characterization of our input state sets the basis for future practical applications on our platform. It also
allows us to fine-tune our simulator to be able to reproduce experimental results with a good agreement.

We first measure the 2-photon pairwise indistinguishability M;; (i,7 = 1,...,6) between all CZ2 = 15 photon pairs.
As shown in Fig 54, the reconfigurable chip is set to successively connect each pair with a Mach-Zehnder interferometer
(MZI). We vary the internal phase of the MZI to measure the correlated ¢ = 7/2 (uncorrelated ¢ = m) 2-photon
coincidences at zero time delay, which gives access to the visibility of the 2-photon interference fringe. The imperfect
single-photon purity [3] of our QD-source (9(2) (0) = 0.0075), is taken into account to compute M;; for all 15 pairs.
The values of M;; for each of the 15 pairs is reported in the indistinguishability matric M where M;; = M;; and

[1 0.942 0.921 0.924 0.917 0.914]
0.935 0.925 0.924 0.919
0.932 0.911 0.925

0.943 0.941
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The genuine N-photon indistinguishability is the probability py that all IV photons are identical. To quantify
experimentally the genuine 4- and 6-photon indistinguishability of our input multiphoton state we implement on
the reconfigurable QPU 8-mode and 12-mode versions of the cyclic interferometer (first introduced in [9]) whose
general layout is presented in Fig. S2.a. First, the single internal phase of the interferometer « is set to 0 (27).
Each odd input port of the interferometer is fed with single photons. We detect the output states corresponding to
one photon per pair of output ports (2k, 2k 4+ 1) (see Fig. 52.a). In Fig. 52.b-c we present the experimental output
distribution for all outputs corresponding to constructive (orange) and destructive (blue) n-photon interference (N = 4
for b. and N = 6 for c¢.). The visibility of the interference fringe is the genuine N-photon indistinguishability. We
experimentally measure py = 0.85 & 0.002 4-photon indistinguishability for photons {1,2,3,4} and pg = 0.76 £ 0.02
6-photon indistinguishability. This work constitutes the first experimental realization of this protocol for 6 photons,
and sets a new state-of-the-art for genuine 4- and 6-photon indistinguishability.

To further study our ability to drive the internal phase of the interferometer shown in Fig. 52.a, we scan the single
internal phase « to measure the full interference fringe visibility for 4-photon interferences with photons {1,2,3,4}.
Note that for each value of the internal phase o we compute the associated unitary matrix using Perceval and
transpile the circuit to be implemented on the QPU. After normalization of the 4-photon counts, we fit the theoretical
interference fringe [9] py = 1+ c¢; cos(a-a+b). In the ideal case we expect aigeal = 1 and biqea; = 0. The experimental
data is well fitted with a = 1.00 & 0.01 and b = —0.06 4+ 0.08 rad, which shows that the transpilation can very
accurately implement an 8 x 8 unitary matrix.

S-IV. PHOTONIC CHIP CHARACTERIZATION

We use a machine learning-based process to characterize the photonic chip. The 126 on-chip thermo-optic phase
shifters generate heat via the Joule effect, thus they can be modelled by a relation of the form ¢ = AV®2 4+ b between
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FIG. S2: Genuine indistinguishability of the input multiphoton state. (a) General layout of the multiport interferom-
eter used to measure the probability that the N photons are identical. (b-c¢) Histogram of 4- (6-) photon outputs that
undergo destructive (blue) and constructive (orange) interferences in an 8- (12-) mode version of the interferometer
presented in (a) fed with 4 (6) photons. In (b) the genuine 4-photon indistinguishability is p, = 0.85 4 0.02. In (c)
the genuine 6-photon indistinguishability is pg = 0.76 + 0.02. Error bars correspond to +1 SD of the photon counting
statistics.
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FIG. S3: Total normalized four-photon coincidence rate (sum of all eight output states) for the constructive and
destructive outputs, as a function of the internal phase a. Error bars correspond to +1 SD of the photon counting
statistics.

the vector cj_; containing all 126 physically implemented phases and the vector 1% corresponding to the 126 applied
voltages squared. ©2 represents element-wise squaring. Off-diagonal elements of the 126 x 126 matrix A represent
thermal crosstalk between phase shifters. A process based on machine-learning techniques optimizes the values of A
and 5, which represent =~ 16000 free parameters to determine. The same process also estimates individual directional
coupler reflectivities and relative output losses. We show on Fig. 59 the estimated values. The elements of b have
values (0.1 4 1.2) rad, and the diagonal elements of A have values (0.034 & 0.001) rad/V?, ensuring that on average a
m-phase shift can be achieved by applying around 10 V on a phase shifter. The matrix A seems to show long-range
interactions between phase shifters, but these are, in reality, artefacts arising from certain transformations on A that
leave the output quantum state unchanged. The directional coupler reflectivities have values (56.8 £0.6) %. One can
observe regions of low and high reflectivities on Fig. 57, which is a signature of the photonic chip’s folding; that is
the interferometer is not laid out in a straight manner, but is folded to increase compacity. For the output losses,
we notice that mode 10 has a a relative transmission of 75% compared to mode 6. This result was confirmed on
two separate detection systems (power meter array and single-photon detectors), hinting that the defect lies in the
photonic chip and not in the photon detectors.
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FIG. S4: Examples of the layouts of the photonic circuits used to successively connect each pair of photon inputs to
an MZI to measure the pairwise 2-photon indistinguishability.

S-V. BENCHMARKING LOGIC GATES

In this supplementary section, we outline the method of Ref. [10] applied to benchmark 1-, 2-; and 3- qubit gates
implemented by Ascella. We then give an explicit example of the method by deriving Fiy, for the T-gate. Finally,
we describe the general approach taken to obtain Fjy, for multi-qubit gates and discuss the application to the 2- and
3-qubit gates benchmarked in the main text.

A. Symmetry-based benchmarking

Let |2) := |i1,...,4,) with 4; € {0,1} for j € {1,...,n} denote an n-qubit computational basis state. A noisy
implementation of the gate unitary U is given by A o U(.), which is a completely positive trace preserving (CPTP)
map [11] acting on n-qubit density matrices p as A o U(p) = A(UpU") where A is the noise channel. The average
fidelity Fayg, over all possible n-qubit states, given A corresponding to the noisy application of U is shown in [10] to
be

1

Fog(U) = m

i t o s
> (el grpann + alingia) Trace 18 Gl A 0 U 6] (S1)
i,j,i/’j/
where .
the coefficients aﬁ’)(i’l;liﬂj\ == (#|UT|3) (j|U|j’) € C depend only on the unitary U. This expression generally

includes 24" terms, corresponding to 24" measurements. In the worst case, evaluating F,ys(U) as above requires as
many measurements as a full process tomography. However, for most gates of interest, a significant number of «
coefficients will vanish, hence requiring many fewer measurements to evaluate the sum in Eq. (51). A more formal
proof of Eq. (S1) will appear in [10], but we will now outline the key technical steps needed to arrive at Eq. (S1).

We start by expanding Uly) = >, B;|%) in the basis {|#)} for any initial state |+/), with 8; € C. Then, by plugging
this into the expression of the final state fidelity Fy,(U) given in the main text, we obtain

Fy(U)y= > BiByB; B (dA(3" ) ])3),
i,i’,j,j’
and therefore
Fag(U) =Y E(B; B3B8 iIA15")(&'))]3),
i,i',j,j’

where the expectation values of the product of 8 coefficients is

E(8; 658;B5) = / B2 B35 85 ().

’

The quantities E(3; 3}, 3;3,) are the same as those in the expansion in the operator basis {|j>|jl>(z [(Z|} of

R R
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FIG. S9: Large-scale photonic chip imperfections estimated by a machine-learning process. The phase
shifter phase-voltage relation is modelled by a matrix relation of the form q; = AVO2 4 l_;, where q_; and V©?2 are vectors
containing respectively the applied phase shifts and squared voltages. We show on 55 the diagonal elements of A
and the elements of 5, and on S6 we show the off-diagonal elements of A, which account for thermal crosstalk. S7
represents the values of the reflectivity of the on-chip directional couplers. S8 displays the relative output losses per
mode, scaled such that the maximum value is equal to 1.

In addition, II is proportional to the projector onto the symmetric subspace of (C?)®? with d = 2" [12], and this

projector has a known expansion in the basis {|5)|5") (s | (i} [13]. These key insights allow us to compute the coefficients
E(8; 8 83B;4), to obtain

Fral) = gy 30 (GG D) + GIAGDGDI).
.3
The last steps needed to arrive at Eq. (S1) are to note that (2| A(|7)(2])|7) = Trace(|7)(¢|A(|7)(%])), and then to rewrite

A = AoUoUt and finally expand UT(|5)(i|) in the basis {|Z/><Jl|} to identify the « coefficients of Eq. (S1).
Following this method, we can derive exact expressions of Fj,, for any gate unitary as a discrete sum of a finite
number of terms. As outlined in the following sections, the exact form of Fiy, and the number of non-zero terms will



depend on U, and these terms can be evaluated using a set of state preparation and measurement settings.

We note that there is in the literature another technique to evaluate Flye using fewer measurements than full
process tomography. The approach experimentally implemented in [14] obtains Fj,yg by first measuring an intermediate
quantity called the entanglement fidelity [15-17]. In contrast, the symmetry-based method outlined here and used in
the main text bypasses computing this intermediate quantity and directly evaluates F,,q as a weighted summation of
measurements. As discussed below, we notably find that the symmetry-based benchmarking approach requires half
as many measurements to benchmark a CNOT gate as were required in [14].

B. Average fidelity of a T-gate

As an illustration of the method in action, we explicitly compute Fyy,(U) for the case of the T-gate, which is a very
important gate in the context of magic state distillation protocols for fault-tolerant quantum computing [18]. This
gate is defined by the unitary transformation

1 0
r= (o ) : (52)

In this case, the following relations can directly be verified by taking n = 1 and replacing U by T to compute the «
coeflicients:
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t o
Oy (j1iny g = 0 When i # i or j # j.
Plugging these values into Eq. (51) for n = 1 gives
1 1
Favg(U) = 3 Trace |0) (0] A o T(|0){0])] + 5 Trace[[1)(1] A o T([1)(1])]

+ ? (Trace[|0) (1| A o T(]0)(1])] + Trace [|0){1]| A o T(|1)(0])]) (S4)

s

e ‘1

+

(Trace [[1)(0[ A o T(|0)(1])] + Trace [|1)(0] A o T([1){0[)]) -

Then, we can note that

14
+ZI

0) (L] = [} (+] + i+l -
2 5
(0] = )+ = i+l = T,

where |+) = (|0) + [1))/V2, |+i) = (|0) +4|1))/V/2, and T = |0)(0] + [1)(1]. In addition, since A o T is a CPTP
map, then A o T(I) = I, and consequently Trace[|1)(0] A o T(I)] = Trace[|0)(1| Ao T(I)] = 0. Thus, we can write
the average fidelity in terms of four combinations of state preparations Z = {|0),|1),|+),|+:)} and measurements
M ={|0)(0], |1)(1],|+)(+]|} that can be implemented on Ascella:

Fuvg(U7) = 3 Trace [0){0] A o T([0) (0] + 5 Trace |1)(1] & o T(|1) (1))
2
32

+ %Trace [[-4) (+ A o T(1+) (+])]

Trace [[+)(+] A o T([+4)(+i)] (S6)



C. Multi-qubit gates

To evaluate Eq. (S1) for any given gate unitary U, we must generalize the approach applied above. This can be
done by first pre-computing A o U in terms of single-qubit Pauli operators S; € {I, X,Y,Z}, and then explicitly
evaluating Fl,..(U) to significantly reduce the required set of measurements that will ultimately be performed by
Ascella. This approach provides a solution for F,y.(U), but it is not necessarily the optimal way to determine the
required measurement settings.

To evaluate the process map in terms of measurements that can be performed by Ascella, we can choose to
prepare each qubit j independently following |¢;) € Z as for the T-gate and measure each qubit independently
following S; € {I, X,Y, Z}. This choice of state preparations and measurements also may not be optimal to minimize
the number of measurements for any given gate, but it guarantees a system of 2" linearly independent equations
describing an n-qubit noisy gate:

(S)g = Trace[S Ao U(|U) (¥])], (S7)

where S =51 ® Sy --- S, and |¥) = |[¢h1) ® |¥2) ... [1n).

For n < 3, this system can be solved directly using symbolic packages or software such as Mathematica. Solving 4-
qubit gates or larger would require more advanced numerical methods or analytic simplification to circumvent memory
limitations. Hence, although the approach to obtain F,.,(U) is general for any gate and results in equal or fewer
required measurements compared to a full process tomography, pre-computing these required measurements is still a
hard problem.

Evaluating Eq. (57) for the CNOT and Toffoli gates provides all elements of the error process A in terms of Pauli
correlations. By evaluating Fiy,(U) using the methods of [10], we obtain a set of 58 (593) correlations for the CNOT
(Toffoli) gate. The set of correlations m; and their weight w; required for the evaluation of F,,(U) for a CNOT gate
are given in Table S53. These solutions represent a significant reduction over the number of correlations that would be
necessary to perform full arbitrary process tomography, which is 24" = 256 (4096) for the CNOT (Toffoli) gate.

Since some of the correlations are measured among fewer than n qubits, it is possible to further reduce the number
of measurement settings by tracing out some qubits from the measurements obtained from higher-order correlations.
For example, (IX) can be evaluated from the same data used to compute (ZX) by tracing out the first qubit.
In this case, assuming all I measurements can be evaluated by recycling the Z measurement data, the number of
measurements is reduced to 36 (340) for the CNOT (Toffoli), corresponding to 86% (92%) fewer measurements than
for a full process tomography. Recycling the X measurement further reduces this to 34 settings for the CNOT gate.
Notably, 34 measurement settings are fewer than half of the 71 settings previously used to benchmark a linear-optical
CNOT gate in [14].

D. Benchmarking results

We applied the symmetry-based benchmarking method to gates implemented by Ascella and also gates implemented
on other online quantum computing platforms.

1. Ascella

For each individual state preparation and measurement (SPAM) configuration, the transpilation process converges
to a high-fidelity implementation of the desired unitary. However, one of the assumptions needed to apply symmetry-
based benchmarking is that the gate unitary remains unchanged for each SPAM configuration. As a result, re-
transpiling the unitary for each setting can introduce a small systematic, but random, error in the estimate of the
average gate fidelity.

When benchmarking the T-gate naively, we find that the re-transpilation error can occasionally cause the measured
average gate fidelity to exceed 1 by up to 0.1%, implying that the re-transpilation error is on the same order of
magnitude as the T-gate error for Ascella. To remove this systematic error, we fix the voltages applied to the specific
part of the chip implementing the T-gate so that transpilation process only optimizes the SPAM procedure. As a
result, the measured average gate fidelity given in the main text is less than 1 to within the measurement precision,
but it also no longer fully benefits from the advantage of the machine-learned transpilation process.

We also observe that implementing multiple T-gates in a row, up to 4 T-gates each implemented by a separate
part of the chip, does not significantly decrease the measured average single-qubit gate fidelity. This suggests that
the dominant contribution to the remaining T-gate error of 0.4% is likely SPAM error.
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FIG. S10: One of the 36 circuits (+1:XZ), Qiskit quantum circuit (left) created using IBM Quantum and linear optics
circuit (right) created using Perceval equivalent contributing to the 2-qubit CNOT fidelity measurement

Platform (Device) | Gate | Favg (%) |Date - Benchmark Details
Quandela (Ascella) T-gate|99.6 £ 0.1]2023/05/31 — average and standard de-
viation on 5x 1M-sample measurements,
for 14 different gate locations on chip
CNOT|93.8 4+ 0.6|2023/03/20-2023/05/07 — average and
standard deviation of 114 consecutive
100k-sample measurements over 46 days
Toffoli| 86 + 1.2 |2023/01/06 — calculated on 100000-
sample tasks
IonQ (AWS iong.qgpu) T-gate| 99.6 £ 1 |2022/12/16 — calculated on 4096-sample
tasks
CNOT|91.7 4+ 1.5]2022/12/17 — calculated on 4096-sample
tasks
Toffoli| 90 £+ 3.1 |2023/01/18 — calculated on 256-sample
tasks
Rigetti (AWS rigetti.aspen-11) T-gate| 88.7 £ 1 |2022/12/16 — calculated on 4096-sample
tasks
CNOT|71.2 +1.5]|2022/12/17 — calculated on 4096-sample
tasks
IBM (Quito or Belem depending on|7T-gate| 96 4+ 1.5 [2022/12/16 — calculated on 4096-sample
availability) tasks
CNOT|86.4 4+ 1.5|2022/12/17 — calculated on 4096-sample
tasks

TABLE S2: Average gate fidelity Fjy, obtained from symmetry-based benchmarking applied to devices on other online
quantum computing platforms. Margin of uncertainty is based on standard deviation assuming Poisson counting
statistics unless otherwise stated. Note that this benchmarking procedure is not robust to SPAM errors, which may
be a significant factor for some devices. In addition, the values returned by other online platforms may be post-
processed using error mitigation techniques or subject to systematic errors analogous to the re-transpilation errors on
Ascella.

Since the systematic error caused by re-transpilation is much smaller than the CNOT and the Toffoli gate errors
and on the same order of magnitude as the measurement precision we apply the transpilation process to the entire
chip for those cases. It is worth noting that implementing the Toffoli gate already saturates all 12 modes of the chip,
meaning that it is not possible to implement SPAM without re-transpiling the part of the chip implementing the
Toffoli gate.

2. Other online platforms

To place Ascella in context, we also apply the same symmetry-based benchmarking for gates implemented by several
other online quantum computing platforms (see Table 52). We show in Figure an example of a circuit for running
benchmarking on these platforms compared to the equivalent circuit on Ascella.
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1 00:II 1 01:II 2 0+:IX ||—-1 10:YY || 1 11:YY 2 40:YY
—1 00:IX || —1 01:IX 2 0+4+:XI ||—=1 10:Z1 || -1 11:Z1 2 4+1:XI
1 00:1Z || -1 01:1Z 2 0+:ZX|| 1 10:ZX || 1 11:ZX || -2 +1:XX
—1 00:XI || -1 01:XI ||—2 0i:XZ 1 10:Z27Z || -1 11:ZZ -2 4+1:YY
1 00:XX || 1 O0L:XX| 1 10:II 1 1111 2 1+:IX || -4 ++:XI
1 00:XZ 1 01:XZ || -1 10:IX || -1 11:IX 2 14+:XI || =2 i0:XZ

—1 00:YY | 1 01:YY| —1 10:1z 1 11172 || -2 1+:ZX || -2 i1:XZ

1 00:ZI 1 01:ZI || -1 10:XT || -1 11:XT || -2 1i:XZ 4 ii:XZ

—1 00:ZX || —1 01:ZX || 1 10:XX || 1 11:XX|| 2 +0:XI

1 00:27Z || -1 01:ZZ 1 10:XZ 1 11:XZ || -2 +0:XX

TABLE S3: List of 58 weights w; and correlations m; used to evaluate the average fidelity Fi.,(U) = (1/40) >, wym;
of a CNOT gate. Correlations are labelled by ab:xy where a,b € {0,1,+,i} represent state preparation
({|0Y,|1) , |+, |[+:)} respectively), and z,y € {I,X,Y,Z} represent measurements ({I, X,Y, Z} respectively).

S-VI. BOSON SAMPLING
Experiment # of photons|Source | Modes Platform Reconfigurability | Distance Fidelity
J. B. Spring et. al. [19] i SPDC| 6 |Integrated optics No 883?188%3 2
3 0.12540.001 {0.98440.001
H. Wang et. al. [20] 4 QD 36 Bulk optics No 0.14140.0030.979+0.005
5 0.17840.0050.973£0.009
Y. He et. al. [2]] i QD 8 Fiber loop Yes g 832§i8882
3 0.12240.018{0.98240.004
H.-S. Zhong et. al. [22] 4 SPDC| 12 |Integrated optics No %] o
5 %] %]
4F 0.085+0.001{0.9944+0.001
H. Wang et. al. [23] 51 QD 16 Bulk optics No 0.10640.00210.989:40.002
6 0.20140.003 {0.9604-0.004
7 %] %]
S. Paesani et. al. [24] i SPDC| 12 |Integrated optics No g 823
2 0.04340.005|0.995+0.003
3 0.09540.001|0.988+0.001
H. Wang et. al. [25] 4 QD 60 Bulk optics No 0.143+0.001{0.984+0.001
C.. %] %]
2077 Z 2
J. Gao et. al. [20] 3 SPDC| 35 |Integrated optics No 0.35 0.89
F. Hoch et. al. [27] 3 SPDC| 32 |Integrated optics Yes %) @
This work 6 QD 12 |Integrated optics Yes 0.16+£0.02 | 0.97£0.03

TABLE S4: Comparison with previous demonstrations of Boson Sampling using single photons. We tabulate here
only the works that report a metric with measured fidelity or total variation distances. TMeasuring output states with
1 photon loss. TTMeasuring output states with 6 photon loss.

In this section we study boson-sampling with photon loss. With a 6-photon input state, we acquire respectively
295-10%, 41.5-10%, 3.07-10%, 110-10°, and 1.78-10° samples for 1-, 2-, 3-, 4-, and 5-photon coincidences. We compute
the total variation distance D = 1 3. |p; — ¢;| where {p;} and {g;} are the ideal and experimental output probability
distributions respectively for output states with 2, 3, 4 and 5 photons. The results are reported in Tab. S5. For > 2
photon loss the experimental output probability is dominated by loss, and no longer describe the ideal distribution.

To validate that our boson-sampler device is functioning correctly, we use a phenomenological approach that models
all sources of noise in the experimental apparatus and demonstrate that we reach a remarkable overlap between all
threshold statistics and our simulations. Using Perceval, we develop a realistic simulator for our boson-sampler.
We use the phenomenological model first introduced in [28] of our single-photon source to account for the partial
distinguishability of the multiphoton state, the imperfect single-photon purity and the optical losses. Then, we account
for the error related to the transpilation of the unitary matrix and the imperfect implementation of the physical phases
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N-photon loss Fidelity Distance
0- 0.97+0.03 |0.16+0.02
1- 0.989+£0.002 0.118
2- 0.995040.0002 0.143
3- 0.99625+3e-05 0.225
4- 0.997333£6e-06 0.40

TABLE S5: Fidelity and total variation distance between the experimental data and the ideal output probability for
all N-photon outcomes.

with the thermo-optic phase shifters. The simulations gives a total variation distance of Dgjy, = 0.132 and a fidelity
of Fgimu = 0.978. The simulations are compatible with the experimental data, which shows that our realistic simulator
truthfully describes the boson-sampling device.

S-VII. CLASSIFICATION

Quantum algorithms for classification on near-term devices have been explored through a variety of approaches
[29], although most results are supported by numerical simulations and not implemented in the lab. This is the case
for instance of Ref. [30], where the authors present an ansatz for a variational quantum algorithm that is native to
photonics. They study the expressivity of the resulting model through theory and numeric simulations. The circuit
is made of two trainable blocks with a data encoding block in the middle. This data encoding block consists of
phase shifters. For a k-dimensional data point Z = (x;,...,xx), each feature z; is encoded into the phase of a phase
shifter. The two trainable blocks are beamsplitter meshes that implement unitary operations, for instance through
the encoding of [31] or [32]. The model is studied within the Fock space, considering input states |n%",...,ni") and
output states [n“t, ..., n%). The total number of photons is denoted n and the number of modes is denoted m.

The authors of Ref. [30] show that the output of the circuit, i.e. the model, can be expressed as fo(z) =
> Cwl(0, A)e®®  where the frequencies w depend on the number of photons n input in the circuit, and the Fourier
coefficients ¢, (6, A) depend on the measurement parameters A and the chip parameters 6.

We can see how interesting it is to use a photonic encoding and in particular to exploit the Fock space from the
perspective of expressivity: by adding more photons, more terms will be added to the Fourier series and the resulting
model will be more expressive, without increasing the complexity of the circuit or the number of modes. However, it
is important to note that this is only possible if PNR detectors are available, so that the output state [n$“t, ... n%)
can be resolved beyond n¢“* = 1.

Taking inspiration from the results of [30], we design an ansatz for the variational quantum classifier on Ascella
containing two parameterizable blocks with a data-encoding block in between. We select modes 3 to 7 on Ascella and
construct the first parameterized block using 16 of the reconfigurable thermo-optic phase shifters. The data-encoding
block follows, where 4 phase shifters acting on modes 4 to 7 encode the 4 features of each IRIS data point. We then
implement another parameterized block with 16 phase shifters. The remaining phases on the chip are either set to
0, when we do not wish to add any extra trainable or encoding phases, or to m, when an interferometer needs to be
fully reflective so that no photon escapes to the other modes of the chip. Our ansatz is shown in Fig.

g\ Loss f.,(%)

FIG. S11: Representation of our variational quantum classifier on Ascella for the classification algorithm. The
trainable blocks parameterized by 6 are depicted in blue. The data encoding block is in green. The purple block
represents the pseudo-PNR layer, which incorporates four extra modes into the circuit. The model is computed by
assigning A parameters to the outputs at the detectors. All parameters are updated via classical optimization.
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We input into the circuit the 3-photon Fock state |¢;,) = ]0010101000000) defined over the 12 modes of Ascella: one
photon enters modes 3, 5 and 7 of the chip. We observe different output states |¢),,:) depending on the photon counts
observed in the detectors. The resulting model takes the form fo x(x) = (Vin|UT (2, O) M(N)U(z, 6) [);r,) . The weights
A are assigned to each possible output state observed at the detection step and thus define the observable M that we
are effectively measuring. The operator U(x, 8) describes the parameterized and data-encoding blocks. Following the
variational approach, we train the model by optimizing classically over the phases @ from the parameterized blocks,
as well as over the weights A.

We demonstrate pseudo photon-number resolution (PNR) partially, on the first and on the last detectors. To this
end, we set four phase shifters to 7/2 in the final layer of the chip in order to redirect a portion of the photons from
modes 3 and 7 into modes 1, 2 and 8, 9 respectively. We can then reinterpret the detection counts: for instance,
observing photons in modes 1, 2 and 3 in our scheme corresponds to observing a three-photon count in mode 3 if we
had PNR detectors. Note that implementing this partial pseudo-PNR adds expressivity to our model, as it increases
the space of possible outcome states and thus the amount of A parameters over which we optimize.

For the optimization, we found that performing a see-saw was the most efficient option. This means separating the
chip parameters 6 from the observable parameters A into two loops, and finding the best A for each set of values of
6. The efficiency comes from the fact that tuning one or other set of parameters is not equally costly: changing the
0 requires re-configuring the chip, while modifying the A only involves classical post-processing. We used Gaussian
processes to optimize the @ and for each iteration we optimized over the A using the Nelder-Mead method.

A note about optimizing over the A parameters: if we were to choose a fixed observable for the variational algorithm
and dismiss the X parameters completely, we may not obtain the same performance for the classifier. Indeed, we would
not only have fewer parameters for the optimization but the remaining parameters would be the ones most sensitive to
the noise of the experiment. Nevertheless, it is reasonable to grant degrees of freedom to the choice of the observable,
so we choose to optimize over the A as in [30].

In the main text, we summarized the performance of the model using confusion matrices. Fig. shows an
alternative display of the results, where the classification estimator is included for each prediction in the dataset along
with an error. We evaluated this error knowing that we used 50000 samples for each run of the experiment. Note also
that we adapted the definition of the classification estimator of [30] to our case of multi-class classification.

100 100

0.75 a0 . 075 .

0.00

-0.25

Class Estimator

-050

-0.75

-1.00

FIG. S12: Training dataset

Class Estimator

0.00

-0.25

—0.50

-0.75

-1.00

FIG. S13: Test dataset

FIG. S14: Value of the classification estimator, i.e. the model output, displayed for each data point in the train and
the test set. The color of the data point indicates its true label while the background color indicates the predicted
label. The error bars are obtained via Poissonian statistics from the number of samples used in each run to compute
the value of the estimator. The points are simply ordered in the same way as in the dataset.

S-VIII. VQE

The Variational Quantum Eigensolver (VQE) [34, 35] for finding ground state energies for a target Hamiltonian
can be broken into several steps as follows:
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Gradient-free Build expectation
optimizer for ‘ Compute loss ‘ Va'SL;enf flrec;m ‘
feedback control P

FIG. S15: Procedure for the hybrid photonic VQE algorithm we implement on Ascella. It comprises a QPU block on
the bottom that enables the energy of the chosen system to be estimated. The ansatz is parameterized via thermo-
electric phase shifters highlighted in black. The green block is a postselected Ralph CNOT [33]. The phase shifter
in orange allows selection of the measurement bases required to reconstruct the correct Pauli terms from the qubit
Hamiltonian (58). The outputs from Ascella are fed into a classical block (at the top) which reconstructs the energy.
Then it implements a feedback loop back into Ascella via a gradient-free optimizer in order to optimize the angles of
the phase shifters to obtain an ansatz closer to the ground state.

1. Find a Hamiltonian formulation suitable for the problem at hand. To do so, we use the symmetry-conserving
Bravyi-Kitaev transformation [36] (available through the OpenFermion [37] python package). This provides two
very useful pieces of information:

— The number of qubits necessary to run the VQE.

— A description of the Hamiltonian in terms of Pauli words which then define coefficients to associate to each
measurement basis. We can then construct the expectation value based on this description.

2. Prepare the ansatz. We need a parametrizable circuit expressive enough to be able to reach (a good approxi-
mation of) the ground state.

3. Rotate the ansatz into the basis for each Pauli word operator present in the molecular Hamiltonian, then take
a number of samples. Restore the ideal sample counts through error mitigation.

4. Optimize the parameters via a classical procedure (COBYLA algorithm) based on the expectation value com-
puted from the error-mitigated output of the QPU. A classical feedforward loop updates the parameters of the
ansatz to reach a lower energy. The evolution of the ground state energy of Ho with respect to the iterations is
represented in Fig.

A. Hamiltonian description

In order to calculate expectation values of our Ho Hamiltonian we need to transform the second-quantized version
of the Hamiltonian into a qubit basis. This can be done with a number of different transformations such as Jordan-
Wigner, but here we use the Symmetry-Conserving Bravyi-Kitaev transform as described in [36, 38]. This involves first
reordering the electronic orbitals and then using the Bravyi-Kitaev binary tree mapping. This gives a Hamiltonian
which consists of four states that can be assigned in the following way: qubit 1 corresponds to spin-up on the first
site, qubit 2 to spin-up on the second site, qubit 3 to spin-down on the first site, and qubit 4 to spin-down on the
second site. The Hamiltonian can be further reduced with the symmetries first derived in [39]. There it was noted
that the Hamiltonian acts off-diagonally on only two qubits, those indexed 0 and 2. The simulation is begun in the
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FIG. S16: Evolution of the ground state energy of Hy obtained by the VQE procedure on Ascella with the number of
iterations. Each data point corresponds to 10000 post-processed 2-photon coincidence samples. Error bars correspond
to £1 SD of the photon counting statistics.

Hartree-Fock state which stabilizes qubits 1 and 3 so that they are never flipped throughout the simulation. This
symmetry can be used to reduce the Hamiltonian of interest to the following effective Hamiltonian which acts only
on two qubits:

Haubit (1) = ol + BZL+~1Z + 6ZZ + uX X (S8)

The constants vary with the choice of bond length and can be found in Table S6. The procedure described above
is implemented in OpenFermion [37]. Thus finding the ground state energy for Hy for varying bound length can be
performed

e with 2 qubits (providing we have an expressive enough ansatz — this is what we tackle in the next subsection),

e by building the expectation values for the measurements ZZ and X X. This is done in a single job on the QPU
by tuning the phase shifter in orange in Fig. with micro-increments which allows only a few phases on the
Ascella chip to be changed and avoids losing time with full reconfiguration of the chip.

B. Ansatz preparation

In the present context, the idea behind using the VQE algorithm is to produce a parameterizable ansatz expressive
enough to get very close to a 2-qubit ground state of the desired Hamiltonian in order to obtain the ground state
energy. The gate-based circuit below (see Fig. ) can generate any 2-qubit state by Schmidt decomposition (one
Rx rotation at the end can be removed in principle since it amounts to removing the global phase).

10) —] Ry (01) —4— Rx(02) FH R2(0) - Rx06) |-
D—] Bx(05) [ R (65) [—| Bx (6r) |—

FIG. S17: Gate-based version of an ansatz circuit with 7 parameters controlling 7 parameterized rotations capable of
generating any 2-qubit state.

|0)

D

This wave ansatz can be implemented photonically. To deal with noise and because using more parameters can
be helpful for converging faster to the ground state energy, we use the ansatz represented in Fig. where we path
encode the 2 qubits with one photon per pair of modes 2—3 and 4—5 (the first mode being the 0** one). This comprises
20 tunable phase shifters. Modes 1 and 6 are used as ancillary mode for the postselected Ralph CNOT. The CNOT
is constructed from our transpilation algorithm. We use parametrizable thermo-electric phase shifter (represented in
black on Fig. ) to control the optical index in the waveguide and thus tune the phase of the photons so that we
can achieve any 2-qubit state.
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FIG. S18: Comparison with and without SPAM error mitigation by averaging loss values over 45 runs. Each data
point corresponds to 10000 post-processed 2-photon coincidence samples. Error bars correspond to £1 SD of the
photon counting statistics.

C. Error Mitigation

We use the quantum error mitigation (QEM) technique proposed in [40] and first experimentally demonstrated in
[41] to more consistently converge to the correct ground state energy by mitigating state preparation and measurement
(SPAM) errors. The idea is to mitigate the errors arising from noisy evolution due to thermal noise from the heated
phase shifters as well as from the error caused by changing the measurement basis. As detailed in the Methods section,
we want to compute left-stochastic matrices I', (for each measurement basis b) such that

q="Tup, (S9)

with ¢ the noisy output probability and p the ideal noiseless output probability. In our case, we have two such I',
which corresponds to a measurement basis in Eq. (S8): XX and ZZ (as I, IZ and ZI can be obtained from ZZ by
classical post-processing).

b

J

We construct I', experimentally as follows: (I');; = | (Mf b)) |? is the probability of obtaining the i*" eigenvector
of b |¢)? when the j*" eigenvector |1/J>;7- is prepared and measurement observable b is performed. For low enough SPAM

errors, each I'y is a diagonally dominant matrix and we can retrieve the idealized probability distribution by inverting
Ty in Eq. (59). From this procedure we get the two desired matrices as:

Tzz=

Pxx =

[9.99999952¢ — 01
2.34741773e — 08
2.34741773e — 08

| 1.54929555¢ — 09

[9.99999951e — 01
2.39578331e — 08
2.39578331e — 08

| 1.24580731e — 09

3.09568451e — 02
9.38086308e — 01
1.45337301e — 09
3.09568451e — 02

2.47148265e — 02
9.50570344e — 01
1.18422748e — 09
2.47148287e — 02

3.09568451e — 02
1.45337301e — 09
9.38086308e — 01
3.09568451e — 02

2.47148265e — 02
1.18422748e — 09
9.50570344e — 01
2.47148287e — 02

1.54929555¢ — 09]
2.34741773e — 08
2.34741773e — 08
9.99999952¢ — 01|

1.24580719e — 09 ]
2.39578331e — 08
2.39578331e — 08

9.99999951e — 01 |

(S10)

Note that for the best performance, the I'y, matrices should be experimentally evaluated immediately prior to the

VQE experiment.

When we obtain our error-mitigated measurement probabilities, we can construct an eigenvalue estimate which is

sent to the classical optimizer. We can note the difference between the expectation values compared to simulated
values with and without error mitigation in Fig. and see a noticeable improvement, particularly as the energy
nears the ground state. We note that the simulated and error-mitigated values have a close to perfect agreement.
This mainly comes from the correction of the basis rotation gates.

D. Classical optimization

The classical part of the VQE algorithm is performed on the dark blue classical processing unit (CPU) box in
Fig. . The expectation values for the terms of Hqubit are constructed from error-mitigated samples from the QPU.
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—0.6526612024877
—0.6601174612872
—0.6643091838424
—0.6660923101667
—0.6661263822710
—0.6649159578993
—0.6628441004621

0.9304885285175
0.8706459577114
0.8086489099089
0.8086489099089
0.688819429564
0.6338897827590
0.5830796254889
0.5364887845888
0.45543342027862
0.38874758809160
0.3337464949796
0.2877959899385
0.24878328975518
0.2152339371429
0.1861731031999
0.1609263900897
0.13897677941251
0.11989353736336
0.10330532972950
0.08889055166239
0.07637119958665
0.06550649596835
0.05608661275595

0.9304885285175
0.8706459577114
0.8086489099089
0.8086489099089
0.688819429564
0.6338897827590
0.5830796254889
0.5364887845888
0.4554334202786
0.38874758809160
0.33374649497965
0.2877959899385
0.24878328975518
0.2152339371429
0.18617310319995
0.16092639008976
0.13897677941251
0.11989353736336
0.10330532972950
0.08889055166239
0.07637119958665
0.06550649596835
0.05608661275595

0.013623865138623
0.013463487127669
0.013287977089941
0.013287977089941
0.01291396933589
0.012719203005418
0.01251643158428
0.012300353656101
0.011801922101754
0.011177144762525
0.01040606826223
0.009503470221825
0.008509936866414
0.007477201225847
0.006455593489009
0.005486217221390
0.004597585574594
0.0038055776890
0.003115459300252
0.00252481503720
0.002026489193459
0.001610984321150
0.001268117568204

0.157972708628
0.15927658478468
0.16081851920392
0.16081851920392
0.1645154240225
0.16662140112466
0.16887022768973
0.17124451736495
0.17631845161020
0.18177153657730
0.18756184791877
0.19365031698524
0.19998426653596
0.2064946748241
0.2131024013141
0.21972703573593
0.22629425934361
0.23274029161766
0.23901364608341
0.24507502046287
0.2508961512677
0.2564582470193
0.26175037476834

TABLE S6: List of Hamiltonian coefficients from Eq.

(1) for varying bond length.
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Then the loss function (Hqubit) is constructed by summing the 5 terms comprising Eq. (1) (from main letter). The
CPU calls the COBYLA optimizer to find the new set of angles to feed the QPU. Convergence of the procedure is

shown in Fig.

At each step, for each bond length, we compute the energy from 10000 processed samples. This amounts to a 0.013
probability that our sampling error is greater than 0.01 Hartree. From this we get the value of r for which the energy

is minimum which we call r°Pt.

We make an additional run at r°P* with 400000 processed samples to reduce the

sampling error to 0.00158 Hartree, below the error for chemical accuracy. It is worth noting here that the optimizer
can occasionally converge to a local minimum of the objective function, due to barren plateaus problem which is
avoided in most experiments.

S-IX. GHZ-FACTORY

The layout of the GHZ-factory photonic circuit adapted from Ref. [42, 43] is presented in Fig.

X,YorZ
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FIG. S19: GHZ-factory photonic circuit from Perceval. Six single photons (purple dots) are sent to the input optical
modes (2,3,6,7,10,11). Three qubits are path encoded in the output optical modes (1,2), (6,7) and (11,12). To
account for the losses in the optical system we postselect on the detection of one and only one photon per qubit. We
use reconfigurable Mach-Zehnder interferometers to project the generated state in the Pauli matrix basis (I, X,Y, Z).
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