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I. LAB1l: EXPERIMENTAL DETAILS OF THE MACH-ZEHNDER AND HONG-OU-MANDEL
INTERFEROMETERS

The goal of our experiment is to realize a Mach-Zehnder interferometer (MZI) with the quantum controlled
Hadamard (CH) gate, acting as the output beam splitter (BS2 in Fig.lc of the main text). In order to realize
this goal, we embed the MZI into a two-photon Hong-Ou-Mandel interferometer (HOMI)[1], which enables us to
realize the CH gate based on measurement-induced nonlinearity [2-4]. The schematic of our setup in Labl is shown
in Fig.1.

We use a polarization Mach-Zehnder Interferometer (MZI), in which the first beam splitter (BS1 in Fig. 1lc of the
main text) is realized with a half-wave plate (HWP1) with its optical axis orienting along 22.5°. Phase ¢ is adjusted
by Soleil-Babinet compensator (SBC). A controlled-Pauli-Z (CZ) gate is made by three partial polarization beam
splitters (PPBS1-3) and four half-wave plates (HWP3-6). Two W gates, realized with HWP2 and HWP7 oriented
along 11.25°, and the CZ gate constitute a controlled-Hardmard (CH) gate in the following form:

CHcs = (Ic ® Wg)CZcs(Ic @ W), (1)

which acts as BS; in Fig. 1c of the main text, where
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The subscripts represent photons being manipulated.

All the PPBSs we used in the CZ gate have the similar optical specifications with the ratio of horizontal and
vertical polarized light’s transmission coefficients equalling to Ty : Ty = 3 : 1. To facilitate the CZ gate, we have to
coherently overlap photons S and C on CZ. This is confirmed by the observations of HOM interference dip, which is
realized by scanning the delay of photon S with respect to photon C. SBC introduces various birefringent phases, ¢,
for photon S as we adjust the thickness of SBC. We measure HOM interference patterns with phase ¢ changing from
0 to 27, shown in Fig. 2a-i. These results show a relation between the position of HOM dip and phase ¢, as in Fig.
2j. According to this relation, we set different values of the delay (corresponding to the position of HOM dip) for
different phases in our experiment.
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FIG. 1. Simplified experimental setup in Labl. The Mach-Zehnder Interferometer (MZI) for photon S is realized with several
polarization optical elements, as stated in the text. We introduce delay for photon S with respect to photon C using a motorized
translation stage which moves along the optical path to scan HOM interference pattern.
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FIG. 2. The relations between phase ¢ and HOM-dip positions. (a-i) The HOM interference patterns have been measured at
the different phase ¢ from about 0 to 27. Horizontal axis represents the position of the translation stage, which introduces the
optical delay. Vertical axis represents the four-fold coincidence count |HVV H)rsca. In ideal condition, HOM interference on
PPBS gives a contrast value of 0.8 (C=(Max-Min)/Max). Fitting curves of our experimental data give the average contrast
0.738 £ 0.084. (j) Linear fit of the position of HOM dip as a function of phase ¢. The error bar represent standard deviation
and is obtained from curve fitting. Each point corresponds to one figure in a-i.

II. LAB2: EXPERIMENTAL DETAILS OF PHOTON A’S MEASUREMENT SETUP

Our setup of Lab2 is shown in Fig.3. To implement fast optical switch between |H)/|V) and |a)/|at) basis, we
use an electro-optic modulator (EOM) with optical axis oriented along 45° relative to the laboratory coordinates and
two HWPs at the angle . When random number is 1, a = 0°; when it is 0, a = 46 — 7. After the rotation of angle
a, photon A is detected in |H)/|V) basis. The details of electric and optical signal processing are shown in Fig. 3a.
A quantum random number generator (QRNG), driven by 5 MHz square-wave signals from function generator (FG),
takes about 80 ns to response to the driving signal and then streams out random numbers as shown in Fig. 3b. The

random number signals (RNS) are divided into two identical copies, RNS1 and RNS2, respectively. RNS1 signals are
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FIG. 3. Setup in Lab2. (a) Electric and optical signals processing scheme. A function generator (FG) sends signals to drive
QRNG to generate random number number stream at the frequency of 5 MHz. The random number signals are divided into
RNS1 and RNS2. RNS1 signals drive the EOM. RNS2 signals categorize the detector signals. Logic circuit analyses and counts
the categorized detector signals. Three marked arrows F,Q,D represent the signals from FG,QRNG and Detector H being
present at the corresponding locations. Their temporal separations are shown in Fig. 3b,c. (b) Response of QRNG to FG
signal. Orange solid/blue dashed curve represents the trigger from the FG/the output random number signals from QRNG
at the location of F/Q, respectively. QRNG takes about 80 ns to response the trigger signal. (c) Blue dashed and red solid
curves respectively represent the random number signals from QRNG and the detection signals from Detector H, showing the
modulation effect of EOM. The time interval of these two signals is about 88ns. The whole process from quantum random
number input to photon detection output is contained in this period.

shaped with a discriminator, amplified by the EOM driver and sent to EOM. EOM responses to the driving signal
and modulates the transmitting light accordingly. Then we use two photon detectors (denoted as Detector H/V for
horizontal /vertical polarization) on each output port of the PBS to analyze the polarization of output light. The
whole process from quantum random number input to single-photon detection output takes 88 ns as shown in Fig. 3c.
RNS2 signals are used to make coincidence counts and hence we can categorize the detector signals: photons being
modulated at the high or low level of random number signals, corresponding to I/« gate operation. Then RNS2 and
inverted RNS2 will both do AND operation with signal pulses from detectors and logic circuit counts the resulting
four coincidence counts: Detector H with Identity(I); Detector H with « gate; Detector V with Identity; Detector
V with a gate.

In order to find the exact temporal delay of RNS2 signals for compensating the EOM and detector’s response, we
sent photons in |H) state into the EOM oriented at 45° (Fig. 4a). At the low level of random number signal, EOM
will rotate the polarization states of photons to |V} state and Detector V fires; at the high level, the polarization
states of photon keep unchanged and only Detector H fires as shown in Fig. 4c. The signal pulses from Detector H
will do AND operation with RNS2 and inverted RNS2 (Fig. 4e,f) . When we find the right delay between RNS2
and detector pulses, there should be a maximum contrast between the output counts of the two AND gate. This is
because that, at the high level of random number signals, the polarization states of the photon are mainly at |H).
In our experiment, we obtained a maximum contrast about 18:1 with 5 MHz random number signal with the correct
delay. This is shown with the single-photon counting results in Fig.5. Complementary illustrations of Detector V are
shown in Fig. 4g, h and i.
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FIG. 4. Schematic diagram of sorting single-photon detection signals with random number signals. (a) Horizontally polarized
single photons, |H), are sent to EOM. (b) Random number signals from QRNG. (c) Polarization state of photons coming out
from EOM. The polarization states are rotated to |V) (red) if the random bit is “0” and kept to |H) (blue) if the random bit
is “1”. (d) Signals from Detector H. (e)/(f) The coincidence counts of signals from Detector H and RNS2/inverted RNS2 at
the right delay. (g) Signals from Detector V. (h)/(i) The coincidence counts of signals from Detector V and RNS2/inverted
RNS2 at the right delay.
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FIG. 5. Measurements of switching contrast with single photons. At the right delay, we send photons in horizontal polarization
into EOM and measure the average contrast ratio using 5 MHz driving signal.
Detector H, V after the modulation of EOM. We take arithmetic mean of the contrast within the shading area, which is about
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FIG. 6. We send horizontal-like polarized laser light into long fiber in Labl and analyze its polarization in Lab2 to monitor
the polarization stability of the 215 m fiber across two labs. This measurement lasts for about 24h.

III. CONNECTION: FIBERS AND CABLES

Single-photon detector signals of D1-D4 and D7 in Labl are transmitted to Lab2 by five 210 m coaxial cables. The
amplitude of pulses from detectors is 4.37V and decreases to 2.84V after passing the long cable while the rising/falling
time keeps almost unchanged (6ns/10ns), respectively.

The long fiber used to transmit photon C is 780HP single-mode fiber. It’s protected by Polyethylene pipe and a
buffer tube. The polarization stability is measured with laser light and shown in Fig.6. Although there are small
periodical modulations in power due to the inefficiency of the air conditioner temperature feed-back loop in Labl, the
polarization contrast is maintained to be more than 100 over 24 hours.

IV. ANALYSIS AND EXPERIMENTAL RESULTS
A. Theoretical calculations and experimental data

All the theoretical analyzations are based on the final state |¥gca):

)

|1/)£CA> :%[(sin alp)s + ' cos alw)g)|+) e + (sinalp)s — € cosalw)g)|—)c]la)a

+%[(f cosa|p)s + ' sin alw)g)|+)e — (cosalp)s + ' Sina|w>5)|f)c]|al>,4, (6)

where we have projected photon A on detection basis |a) /lat). Particularly, when QRNG gives a bit value of 1,

8
a=0and [fe,) = SIw)s[V)olH)a — Z5[p)s|H)e V) a.

Theoretical calculations and experimental results of Pc and Pg for projecting photon S on |V)g and |H)g are
shown in Fig.7 and Fig.8, respectively. Note that the data presented in Fig. 7b and d are identical to that shown in
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FIG. 7. Demonstration of continuous transitions between particle and wave states in both classical and quantum scenarios.
(a) Simulated ideal and (b) measured probabilities Pg_|zy a=jaL) (¢, @) for a classical mixture of particle and wave states. We
scan the phase ¢ in MZI for photon S and polarization rotation angle v of photon A. The experimental data are shown in red

dots. (c) Simulated ideal and (d) measured probability

Ps_myjc=|-), a=|at) (9, , ) for a quantum coherent superposition of

particle and wave states. Note that the parameters used to calculate the surface plots for probability distributions shown in
(b) and (d) are based on the values obtained from the independent characterizations of our photon-pair sources, CH gate and
polarization contrast. The error bars are derived from Poissonian statistics and error propagations.

the Fig. 3c and f in the main text. The corresponding equations are:

Fig.7a

1 .
Pc(|H)s) = Ps—jmyja=|at) (P, ) = 3 cos? a + sin

Fig.8a

1
Po(|V)s) = Ps—jvyja=jaty(®, a) = 5 cos? o + sin? « cos

Fig.7c
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2
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(10
1+ v2cosasinafsin £ sin(£ + &) — cos £ cos(£ — 6)] (10)

where ¢ is the relative phase between the two paths of MZI; « is the angle of projection angle; § is the phase in pca

and equals to 0 in Fig. 7c, 8c.

Ps—|myja=|at)(p, @) (Pc in main text) shows a classical mixture of [w) and [p);
Ps_myjc=|-),A=|at) (¢, @, 6) (Pg in main text) shows a quantum superposition of |w) and |p).

)
Ps_vyjazjaty(p,a) =1 = Ps_ gy azjaty (¥, @);
)

Ps_jvyjo=|-y,a=lat) (P, @, 0) =1 = Ps_|myjc=|-),A=|at) (¥; @, ).
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FIG. 8. Complementary results of Fig.7. (a) Simulated ideal and (b) measured probability Ps_|yyja=jaL)(®, @) for a classical
mixture of particle and wave states, where the phase ¢ in MZI for photon S and polarization rotation angle e of photon A are
scanned. The experimental data (red dots) and the theoretical predictions (surface plots) show good agreement. (c) Simulated
ideal and (d) measured probability Ps_jvyjc=|—),a=|at)(®;a,d) for a quantum coherent superposition of particle and wave
states. Note that the parameters used to calculate the surface plots for probability distributions shown in (b) and (d) are based
on the values obtained from independent experimental measurements. The error bars are derived from Poissonian statistics
and error propagations.

We obtain the above probabilities from the experimental coincidence counts obtained in the experiment:

CH-i—oH— + CH—OH-

Fig.7b Po—imyiacioiy (0, ) = 11
& s=lmlaslas) (9 0) = G T O ¥ Cy oot (1)
. Cyiat +Cy o

Fig.8b Pq_ — = 12
1g S—lV)lA—|QL>(SO7 a) CH_;’_aL _|_ CV_A'_OCL + CH_aL _|_ CV_QL ( )
.  Chas

Fig.7d Ps_|myjc=|-y,A=|at) (P, @, 0) = Cor o 4+ Oyt (13)
. Cy_qu

Fig.8d Ps_vy|c=|-),a=|at)(p; @, 0) = : (14)

Ch ot +Cy_qt

where Cjji, represent the coincidence counts of photons S,C,A with polarization i,j,k conditionally on the detection
trigger photon T, respectively. For instance, Cy, 1 stands for coincidence counts of photons S, C and A with
horizontal, diagonally linear and orthogonal to a polarization states.

As mentioned in the main text, the most direct proof for the quantum nature of the wave—particle superposition is
to show that the result is sensitive to the relative phase between the wave and particle states, . In experiment, we

fix o = 7 and measure Pc(|H)s), Po(|H)s), Pc(|V)s) and Po(|V)s) to show their different dependence on phase 4.
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FIG. 9. Witnessing and controlling wave—particle quantum superpositions. We fix o = £ and measure Pc(|H);) and Pg(|H)s)
as functions of the phase ¢ for photon S and the phase § between the wave and the particle states of photon S, respectively.
(a) Simulated ideal and (b) measured probability Pc(|H)s) for a classical mixture of particle and wave states. (c) Simulated
ideal and (d) measured probability Po(|H)s) for a quantum coherent superposition of particle and wave states. Pc(|H)s) is
clearly independent of §, whereas Po(|H)s) is strongly dependent on ¢, manifesting the quantum nature of the superposition
of wave and particle states. Note that the parameters used to calculate the surface plots for probability distributions shown in
(b) and (d) are based on the values obtained from independent experimental measurements. The error bars are derived from
Poissonian statistics and error propagations.

When a = 7, Eq.7-10 give

1 1 .
Po(|H)s) = Ps—my|a=jat)(P) = 113 sin” g (15)
L1 29
Pc(|V)s) = Ps—jvyja=jat) () = 1 + 500875 (16)
1, 16022 4 1 gin @i ¢
+ 5sin” £ + —=sin £sin(d + %)
173 2 T Sy )
Po([H)s) = Po_ iy 10—l ) A— 8) = 17
Q(1H)s) s=lm)lo=|-),A=la) (#:9) 1+ \/Li[sin Zsin($ 4 6) — cos £ cos(§ — 9)] (17)
1,1 29 1 P P _
+ 3 cos cos £ cos( d)
Po(IV)s) = Ps_jv)jc—l-).ala’ (#:0) T (18)

17 \%[Sing sin($ +0) — cos £ cos(§ —0)]

The results are shown in Fig.9-10. Note that the data presented in Fig. 9b and d are identical to that shown in the
Fig. 4c and f in the main text.
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FIG. 10. Complementary results of Fig.9. (a) Simulated ideal and (b) measured probability Pc(|V)s) for a classical mixture of
particle and wave states. (c¢) Simulated ideal and (d) measured probability Pg(|V)s) for a quantum coherent superposition of
particle and wave states. Po(|V)s) is clearly independent of ¢, whereas Pg(|V)s) is strongly dependent on 4, manifesting the
quantum nature of the superposition of wave and particle states. Note that the parameters used to calculate the surface plots for
probability distributions shown in (b) and (d) are based on the values obtained from independent experimental measurements.
The error bars are derived from Poissonian statistics and error propagations.

B. Data fitting

One of the main contributions reducing the contrast of our results is the multiphoton emission from SPDC source.
Here we introduce parameters to describe the imperfect state. The ideal state of the generated photon pairs are:

pst = [VH)(VH|sr (19)
poa = (HV) + e VH)(HV]+ e (VH])ca. (20)

In our analysis, they are approximated to be Werner states [5]:

1-F
Psr = Fipst + — -1 (21)

1-— F:
Poa = Fapca + 1 °1 (22)

with fidelities Fi, F5, which can be obtained via experimental results. Multiphoton emission reduces both fidelities.

Before entering the CZ gate, photon S passes through Hadamard gate (Hg), SBC (Phig), W gate (Wg) sequentially.
Photon A passes a gate (Alphaya ). We denote all the operations above as M; and the current state as p;:

M; = WsPhigHgs ® AlphaA ® Ior (23)

p1 = Miplsr @ po s M| (24)
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where
) [ cosw/4 sinm/4
Hadmard gate : Hg = | sinm/4 — cos 7r/4} (25)
hase gate : Phis — | -
Phase gate : Phig = 0 cit (26)

[ cosa sina
a gate : Alpha, = sino — cos OJ . (27)

After the CZ gate, we denote the current state as po. Multiphoton noise and the imperfect optical components (such
as PPBS, wave plates and so on) reduce the interference contrast in Mach-Zehnder interferometer. We approximate
the effect as white noise. Under this approximation, the effect contributes to each item of coincidence counts equally.
Adding white noise item to ps gives ph:

p2 = CZsc @ Iarp1[CZsc @ Iat| (28)
1-F
ph=Fspo+ — L, (29)

where F3 is related to the HOM interference contrast and hence the fidelity of the CZ gate.
Photon S passes another W gate after CZ gate (Eq. 1) and gives the final state ps:

ps = (Ws @ Ioar)ph(Ws @ Ioar)' (30)
Then we can obtain the following results as functions of the three parameters Fy, F> and Fj:

Py o =(H +V]ps|H+V)

1
:3—2[2F1F3(1 — cosp + Fy cos pcos 2a) — V2Fy F3(1 4 Fy) sin 2a.cos &
+2V2F, Fy F3 sin 2 cos(8 + ) + 2|; (31)

Pyior =(V+V]ps|V+V)
1
:3—2[2F1F3(1 + cos p — Fy cos ¢ cos 2ar) + \/§F2F3(1 + F1)sin2acos §

+2V/2F, F, Fy sin 2 cos(8 — @) + 2]; (32)
Pigor = (H = Vips |H — V)
1
:3—2[2F1F3(1 — cos g + Fycos pcos 2a) + V2F, F3(1 + Fy) sin 2a cos &
—2V/2F, F,F3sin 2a cos(6 + @) + 2J; (33)
Py o1 =V =V]ps|V V)
1
:3—2[2F1F3(1 4 cos ¢ — Fy cos p cos 2a) — V2F, F3(1 + Fy) sin 2accos §
—2v/2F, Fy Fysin 2a cos(8 — ) + 2], (34)

where P;;;; stands for the probability of obtaining photons S,C,A in i,j,k polarization, conditionally on the detection
of photon T. For instance, Py .. stands for the probability of obtaining photons S,C,A in horizontal, diagonally
linear and orthogonal to o polarization states.

Based on the above analysis, we plot the theoretical predictions with the parameters value of F; = 0.98, F5 = 0.90,
F5 = 0.61, as shown in surface plots in Fig.7-10 b, d.

C. Comparison between the quantum superposition and the classical mixture of wave and particle states in
a delayed-choice experiment

To show the difference between quantum superposition and classical mixture of |w) and |p), we compared average
value and value at ¢ = 0,6 = 0 of them: Po = Ps_ gyja=|ar) and Py = Ps_|m)|jc=|-),A=|t) Which are calculated
from experimental data. The results are in Fig.11 which shows a clear difference between Pc and Fg.



11

Average p=0

a Classical b Classical
Quantum

Quantum

0 /8 w4 3x/8 /2 0 /8 w4 3x/8 /2

FIG. 11. (a) The arithmetic average value of experimental data (Pg, Pc’) under the angle «; (b) Value of Py, Pc at ¢ = 0,6 = 0.
The blue squares and green circles represent our experimental data for Pg,Pc, respectively. The blue solid and green dash
lines are the theoretical predictions.
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FIG. 12. Visibility obtained from conditional probabilities of photon S without post-selecting on photons C and A by varying
a. Red line is the average value of visibilities.

D. Experimental interference visibility of photon S without post-selecting the outcomes of photons C and A

In Ref [6], it has been shown theoretically that one should obtain a-independent interference visibilities if one ignore
the outcomes of photons C and A. In our case, it is equivalent to trace out the polarization measurement results of
both photons C and A. Ideally, we should obtain V; = 0.5. In Fig.12, we show our result with a nearly constant
value 0.41. The discrepancy to the ideal value is mainly due to the limited interference visibility that we obtain
experimentally.
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