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SPECIAL TOPIC — Quantum computation and quantum simulation

Taking tomographic measurements for photonic qubits 88 ns before
they are created”

Zhibo Hou(f£18)!12, Qi Yin(f%3H)!2, Chao Zhang(Pk##)"2, Han-Sen Zhong(£P&i#%) 2,
Guo-Yong Xiang(3i[E 5)1>", Chuan-Feng Li(Z54£4)12, Guang-Can Guo(Fyt:hly!2,
Geoff J. Pryde®, and Anthony Laing**

1Key Laboratory of Quantum Information, University of Science and Technology of China, CAS, Hefei 230026, China

2Synerget1'c Innovation Center of Quantum Information and Quantum Physics, University of Science and Technology of China, Hefei 230026, China

3 Centre for Quantum Computation and Communication Technology (CQC2T) and Centre for Quantum Dynamics,
Gritfith University, Brisbane, 4111, Australia

4Quamtum Engineering and Technology Laboratories, School of Physics and Department of Electrical and Electronic Engineering, University of Bristol, UK

(Received 27 November 2020; revised manuscript received 27 November 2020; accepted manuscript online 3 February 2021)

We experimentally demonstrate that tomographic measurements can be performed for states of qubits before they
are prepared. A variant of the quantum teleportation protocol is used as a channel between two instants in time, allowing
measurements for polarization states of photons to be implemented 88 ns before they are created. Measurement data taken at
the early time and later unscrambled according to the results of the protocol’s Bell measurements, produces density matrices
with an average fidelity of 0.9010.01 against the ideal states of photons created at the later time. Process tomography of the
time reverse quantum channel finds an average process fidelity of 0.84 +0.02. While our proof-of-principle implementation
necessitates some post-selection, the general protocol is deterministic and requires no post-selection to sift desired states

and reject a larger ensemble.

Keywords: teleportation, tomography, time reverse
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1. Introduction

Methods for characterizing physical processes, found
throughout science and engineering, naturally assume that a
system must first exist before measurements can be performed
for it.['-3] However, the transfer of quantum information be-
tween particles does not need to follow a chronology that is ex-
pected in classical physics.[*] According to quantum mechan-
ics, the state of a remote particle is instantaneously changed
upon the measurement of a local particle with which it is
entangled,®! while teleportation protocols predict that a state
can sometimes be received before it is sent.[®”] A time sym-
metric picture of quantum mechanics explains these phenom-
ena by viewing the act of a projective measurement as the
preparation of a state that is sent backwards in time.[¥-101 But
because the results of quantum measurements are random in
general, they cannot support superluminal communication or a
communication channel with the past, so conflicts with funda-
mental principles such as special relatively are avoided. Any
quantum state that is received before it is teleported will be

mixed among a larger ensemble of transformed states from

DOI: 10.1088/1674-1056/abe29c

which it can be identified and sifted only at times after it is
sent.['!] And the probability for an n-particle state to be faith-
fully received at a time before it is sent falls off exponentially.

These paradox-resolving clauses of time symmetry in
quantum mechanics have consigned its application to intrinsi-
cally post-selected experiments of philosophical interest such
as probabilistic simulations of closed time-like curves!*”! or
probabilistic demonstrations of nonlocality between particles
before they interact via delayed choice experiments.[6-12-14]
Here we experimentally demonstrate that time symmetry in
quantum mechanics can be used to perform measurements for
quantum systems ahead of time, in a way that is not possible
in classical physics. Our protocol utilizes all received states,
including transformed states, and unscrambles the classically
recorded measurement results after the time of sending, to
deterministically recover tomographic information.'>-181 Al-
lowing state preparation to be performed after state measure-
ment could open up new possibilities for characterization and
verification?'=>3! in engineered quantum systems?*! and in

quantum physics more generally. >
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2. Antedated tomography protocol

Our antedated tomography protocol can be understood
by first looking at the standard teleportation protocol.[?>-2°]
A pair of particles encoded with qubits in an entangled state,
suchas [®1,) = %(\OA 0p)+114 1p)), are shared between two
V),

of a third particle to Bob, by first performing an entangling

agents, Alice and Bob. Alice teleports the unknown state,

(Bell) measurement between it and her particle from the en-
tangled pair, then communicating the measurement result, A,
to Bob through a classical channel. The initial 3-particle state,
|1 5) |w3), written in the basis of Bell states for particles A
and 3,

[Dip) [w3) = (1P43) 10 |We) + [Wa3) 71 [WB)
+W3) 2 [WB) +[Py3) T3 WB)) /2, (1)

shows that the Bell measurement projects Bob’s particle into
a state 7|y), that is equal to |y) up to one of four unitary
transformations. The transformation occurs randomly from a
set that is related simply to the identity and Pauli operators,
T € {15}, = {Z,01,i02,03}, but is correlated with the re-
sults of the Bell measurement, A € {A;}_,. When Bob learns
the value of A from Alice, he can correct for the corresponding
7 on his particle and set its state equal to |y).

If Bob measures his particle before Alice performs her
Bell measurement or before he learns the value of A, he for-
goes the opportunity to undo the 7 transformation. For approx-
imately one-quarter of experimental trials, the Bell measure-
ment outcome will equal Ay, which indicates that 7 is equal to
the identity, 7o |y) = |w). These are cases where Bob’s mea-
surement results are consistent with |y) when he applies no
operation to his particle. Here, Bob effectively possesses |y)
before it is teleported, or even before it exists, but he must wait
for the classical signal from Alice before he can identify these
cases within the full ensemble. In the other three quarters of
experimental trials, the classical message, {A;};_,, indicates to
Bob which of the other transformations he should have undone
to set his particle equal to |y). In general for these cases, when
Bob measures first, his results are not consistent with |y).

While the 7 transformations prevent a communication
channel to the past, they need not be an obstacle to the charac-
terization of |y), and in some scenarios are beneficial. A par-
ticular measurement operator, 1 - o, set for a projective mea-
surement on Bob’s particle is randomly transformed to imple-
ment a different basis, b-o = 7;(n - o-)TlT, for measuring |y)
(where m and b are unit vectors, and o is the Pauli vector).
Bob learns the new setting, b, when he learns the result, A;,
of the Bell measurement. Vector components transform such

that b; = n; for i = j or i = 0, whereas b; = —n; otherwise.

One characterization strategy results from the observation that
any fixed measurement setting, 2, with non-zero coefficients
along each direction, £1,%>,%3, will lead to an informationally
complete basis set, {7;(n - O')TIT}?:O over an ensemble of tri-
als. Such a basis set is more stable when 7 is not too unequally
weighted across £, £, %3.

Our experiments implement a different strategy to opti-
mally reduce the effect of statistical errors by realizing mea-
surements in exactly the Pauli bases.!3%! Setting n along ex-
actly one of the directions £; means that the corresponding o;
intended to measure Bob’s particle leads to a measurement on
|w) in the same basis, but with the eigenvalues sometimes re-
versed, as described above. Our antedated tomography proto-
col therefore requires Bob to perform a complete set of tomo-
graphic measurements in the Pauli bases on his particle, and
unscramble the classical data to recover measurement results
for |y) when he later learns the A values.

The protocol and its resources are as follows. Alice and
Bob share an ensemble of Bell states and a classical com-
munication channel. On his qubits from the entangled pairs,
Bob performs a compete set of tomographic measurements
in the Pauli bases and records his measurement choices (two
bits each) with respective results (one bit each) in a clas-
sical memory. Alice stores her qubits from the entangled
pairs in a quantum memory. When Alice acquires an ensem-
ble of qubits for which she would like Bob’s existing tomo-
graphic data to apply, she performs Bell measurements be-
tween these and her qubits retrieved from the quantum mem-
ory. Alice classically transmits the Bell measurement results
(two bits each) to Bob, which he marries with his stored clas-
sical data and performs post-processing of expectation val-
ues. Bob’s k-th measurement result, B € {—1,+1}, is trans-
formed, By — T (ix, jx) X Bk, according to his k-th Pauli basis

choice ngk)

and Alice’s k-th Bell measurement result, li(k). T
leaves B unchanged when iy = j; or when iy = 0; T flips the

sign on P otherwise.

3. Experimental results

We implemented our antedated tomography protocol on
ensembles of photons, as shown in Fig. 1. Attime r =0 (¢y), a
laser pulse pumps a pair of crossed non-linear crystals to pro-
duce a pair of photons that are polarization-entangled!®!l in
the state |P,) = %(\HA,HB) + |V4,Vp)), where a horizon-
tally polarized photon encodes |0) and a vertically polarized
photon encodes |1). At ¢ = 17 ns (t;), one photonic qubit
from this pair (photon B) is measured in a Pauli basis, with
the basis choice and measurement result recorded on a classi-
cal computer. The other photon from this pair (photon A) is

040304-2



Chin. Phys. B Vol. 30, No. 4 (2021) 040304

directed to a 31 m storage channel that serves as a quantum
memory. At ¢ = 105 ns (,), a second pair of (polarization-
unentangled) photons is created, one of which is immediately
directed to a detector to herald the creation of the other, pho-
ton 3. At ¢t = 130 ns (#3), photon 3 is prepared in a desired
state |ys). Finally, at # = 132 ns (#1), photon 3 and the delayed
photon A are measured in the Bell state analyzer by imping-
ing both photons simultaneously onto the two input ports of a
polarizing beamsplitter followed by waveplates.!!*] The mea-
surement result is recorded with the classical computer (see
Appendix for further experimental details).

The apparatus at 73 was configured to prepare the six
canonical polarization states, {H,V,D,A,R,L}, on photon 3,
which respectively represent |y3) € {|0),|1),|£) = %(\O) +
1)), |£;) = %(\O) +1i]1))}. For ensembles of many photons
prepared in each of these states, the apparatus at #{ measured
expectation values in the three Pauli bases. The Bell state an-
alyzer at t4 in our implementation was able to deterministi-
cally resolve two of the four Bell states, which were chosen
as |®*), corresponding to eigenvalues A and A3, respectively.
Data was post-processed such that all expectation values were
unaltered when Ay was found on photons A and 3, whereas
the sign was flipped on expectation values measured for o]
and o, when A3 was found. Density matrices, as shown in

Fig. 2(d), calculated via maximum likelihood estimation, 13161

receive 7;|) measure 7;|1)

» el
-7)-

were found to have an average fidelity of 0.90+0.01 with ide-
ally prepared states, |y3) (see Appendix for tables of individ-

ual density matrices).

Using the set of prepared |y3) together with the measured
density matrices (shown in Fig. 2(a) for |y3) = |D)) from data
that were unaltered but sorted according to Ag and A3, the
quantum time-channel connecting state preparation at 73 and
state measurement at #; was characterized using full quantum

17.18] Experimentally, the time-channel

process tomography. |
consists of an entangled state, a quantum memory in the form
of a 31 m photonic delay line, and a Bell state analyzer. In
the cases where Ay was found in the Bell state analyzer, the
time-channel should ideally be the identity operation, while
when A3 was measured, the time-channel should ideally be the
o3 operation. Both process matrices were reconstructed, as
shown in Fig. 2(b), with fidelities found to be 0.84 +0.02 and
0.83 £0.02 for the identity and o3, respectively (see Appendix
for further details of process tomography).

The quality of quantum interference*?! between pairs of
photons at the beamsplitter in the Bell state analyzer is critical
to its correct operation. With one photon in the pair having
passed through a 31 m free-space channel, a quantum inter-
ference visibility of 0.89 +0.01 was measured, as shown in
Fig. 2(c).

BBO Crystal' coupler classical information

PBS cube 4—m——p

quantum information

( mirror

(. QWP/HWP @ detector

classical processing
BT (i,5)xB

ty t

I quantum storage r

ty t3

3

send T;[1)

L p time (ns)

/.
0 17 7

130 132

Fig. 1. Schematic for antedated quantum tomography protocol and experimental implementation. (fp) A pair of qubits in the entangled
state |<I>XB) are encoded into the polarization of the two-photon state that is produced from pumping a pair of crossed non-linear crystals.
(1) Qubit B from the entangled pair is measured along a direction £;, which we implement at t = 17 ns with a collection of waveplates, a
polarizing beamsplitter (PBS), and two single photon detectors. Qubit A from this pair is stored in a quantum memory, realized here with a
31 m storage line between a series of 11 mirrors. (;) Qubit 3 is initialized: a single nonlinear crystal is pumped to generate a pair of photons
at r = 105 ns, with one of the pair sent directly to a detector to herald the presence of the other. (3) The state |y) is prepared on qubit 3 at
t = 130 ns with a series of waveplates. (z4) Qubit A is retrieved from the quantum memory and measured together with qubit 3 in the Bell basis,
which we execute at = 132 ns with a PBS, a collection of waveplates, and four single photon detectors. The Bell measurement effectively
sends the state 7; |y) back through the quantum time channel to qubit B and on to the tomographic apparatus at 7;. See Appendix for further

experimental details.
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Fig. 2. Experimental results for antedated tomography. (a) With |D) = |+) prepared at time #3 and sent at 74 by a Bell measurement with
result Ag or A3, the ideal time channel to the tomography station at 7; is the identity or o, respectively, so that |D) or |A) = |—) is measured,
respectively. The real parts of the measured density matrices for both cases are displayed by solid colors with ideal values shown as the wire
frame. (b) All six canonical polarization states were prepared so process matrices for the time channel could be reconstructed, the real parts of
which are displayed. (c) The Bell measurement relies on Hong—Ou—Mandel interference between two photons generated at instants separated
by 105 ns. The characteristic dip is shown for four-fold coincidence counts per 150 s, with a Gaussian fit (black line) to the experimental points
and error bars calculated from Poisson statistics. (d) For each of the six prepared states, data was post-processed according to our antedated
tomography protocol. Real parts of the reconstructed density matrices are respectively shown for prepared states |H), |V), |D), and |A); for |R)
and |L), the imaginary parts of the density matrices are shown in addition, below. See Appendix for numerical tables of density matrices and

process matrices. Z

4. Discussion and conclusion

Much of the history of quantum science is the evolution of
philosophically contentious concepts to practical applications.
While causal order and time symmetry in quantum mechanics
are fundamentally interesting,[®-*3] removing the constraint of
state-preparation before state-measurement could open up new

[19,20

avenues for existing characterization methods. ! If entan-

gling measurements between different types of particles, such

5,34

as atomic and molecular ion 1 become feasible, then a to-

mographic capability that is more readily available at an ear-

1331 can be deployed

lier time or for a certain atomic species,
to characterize states encoded in less accessible physical sys-
tems at later times. In solid state quantum processors, ¢! to-
mography could be performed ahead of time using photons
for subsequently prepared states of spins, or for the mediating
electronic spin, with the long lived nuclear spin serving as a
quantum memory. Because the general antedated quantum to-
mography protocol is deterministic, it could prove useful for
characterizing or verifying larger physical systems that are ef-

ficiently described by matrix product states. 3]

Appendix A

Entangled state generation Pulses from a mode-locked
Ti-sapphire laser with a duration of 140 fs, a repetition rate
of 76 MHz, and a central wavelength of 780 nm first passed
through a frequency doubler. The resultant ultraviolet pulses
with a power of 200 mW then (at r = 0 ns) pumped a pair of
sandwiched beam-like-type cut BBO crystals, each of thick-
ness 1 mm, to produce a stream of photon pairs, entangled in
their polarization. Temporal and spatial compensation (TSC)
was made with LiNbO3 and YVO, crystals. 8! The photonic
qubits were then distributed to Alice and Bob via a pair of 3 m
single mode fibres (SMF). Half waveplates (HWP) and tilted
quarter waveplates (QWP) at both ports of the fibres were used
to maintain the polarization reference frame.

With the photonic qubits on Alice’s side having passed
through the 31 m delay line and a 2 m SMF, both qubits were
measured in the Pauli basis (details below), and their density
matrix was reconstructed by the maximum likelihood estima-
tion algorithm.[!> The quantum state that generates the exper-
imental data with the highest probability is

0.486 0.026+0.007i —0.031—0.009i 0.446+0.112i
0.026 — 0.007i 0.018 —0.001 +0.0151 0.035+0.014i
PMLE = | _0 031 +40.009i —0.001 —0.015i 0.021 —0.020—0.017i |’ (AD
0.446 —0.112i  0.035—0.014i —0.020+0.017i 0.475
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which has a fidelity of 0.927 +0.001 with the ideal state,
where the error is the standard deviation from 100 numerical
simulations with Poissonian statistics.

Tomographic setup for photon B From each pair, the
photon on Bob’s side, photon B, was immediately injected into
its tomographic set up and measured at t = 17 ns, due to the
overall optical path length from photon generation, including
the approx. 0.6 m in this section. The module contained a
HWP, a QWP, a polarization beam splitter (PBS), and a single
photon detector (SPD), to realize arbitrary projective measure-
ments on qubits encoded in the polarization of photons. This
photon finally passed through an interference filter (FWHM of
8 nm) before detection. Waveplate settings were chosen to im-
plement measurements in the three Pauli bases, and the results
were stored with respect to these settings.

Delay line for photon A The photon on Alice’s side,
photon A, was directed to a delay line, comprised of eleven
mirrors which reflected the photon through 31 m of free-space
before coupling to 2 m of SMF. A telescope was implemented
with three concave lenses, resulting in an overall collection ef-
ficiency of approx. 50% including losses from reflection and
fibre insertion.

Generation and sate preparation for photon 3 After 8
consecutive pump pulses (105 ns), a second beam-like BBO
crystal was pumped to generate pairs of (unentangled) pho-
tons, with one photon from each pair directly detected as a
trigger, after passing through an interference filter (FWHM
of 8 nm). The other photon from this pair, photon 3, passed

through a 5 m SMF, after which its state was prepared by a
combination of HWP and QWP.

Bell state measurement Photon 3 and photon A im-
pinged simultaneously on the first PBS. Two HWPs, one at
each PBS exit port, had optics axes set at 22.5°, while a
tilted QWP ensured the correct phase to be implemented.
This configuration,!'*! deterministically resolves two of the
four Bell states, such that even (+4,——) or odd (+—,—+)
measurement statistics are observed for states |®*)(P™| and
|®~) (P~ |, respectively. The SMF and interference filters
(FWHM of 2 nm) prior to detection reduced spatial and
temporal difference between the two photons to produce a
Hong—Ou-Mandel??! interference visibility of 0.89 +0.01 at
a pumping power of 200 mW.

Experimental results for single qubit tomography To-
mographic data for photon B were collected over 150s at a
pumping power of 200 mw for each of the six states prepared
on photon 3 and for each Pauli basis. Data were grouped into
two sets based on the result of the associated Bell state mea-
surement, |®*)(®*|, and corresponding single qubit density
matrices, pgp+ and pg-, were calculated with the maximum
likelihood estimation. Table A1 shows these, while Table A2
shows density matrices from the combined data sets as de-
scribed in the main text. Errors on fidelities are the standard
deviations from 100 simulated results with Poissonian statis-
tics. The average fidelity over all six states and two Bell state
measurements is 0.90 £0.01.

Table Al. Reconstructed single qubit density matrices pg+ and pg- for all six states |@3) prepared on photon 3, alongside their

corresponding fidelities with errors.

|¢) P+ F(pg+,[9)) Po- F(03pp-03,(9))
094  —0.02+0.06i 096  0.11—0.02i
|H) 0.94£0.03 0.96£0.03
—0.02-0.06i 0.6 0.11+0.02i  0.04
006  —0.13—0.09 0.08  —0.11—0.00i
V) ' 0.94+0.02 ! 0.92+0.02
~0.13+0.09 094 ~0.11+0.00i 092
040  0.38+0.01i 040  —039-0.11i
D) 0.88+0.03 0.89+0.03
038-001i  0.60 ~039+40.11i  0.60
053  —0.37-0.02i 052 0.38+0.12i
|A) ‘ 0.87+0.03 . 0.88+0.03
03740021 047 038-0.12i  0.48
046  —0.01—0.40i 050  —0.14+0.33i
IR) 0.90+0.03 0.83+0.02
~0.01+0.40i 054 ~0.14-033i  0.50
040  —0.12+0.38i 045  0.10-037i
IL) 4 0.88£0.04 , 0.87£0.03
~0.12-038i  0.60 0.10+037i  0.55

Experimental results for process tomography Follow-
ing Ref. [39] S is a positive semidefinite operator on a Hilbert
space ‘H ® K that maps the quantum state p;, on a Hilbert space
‘H to the output state poy on a Hilbert space /C,

Pout = Trgz [Spip @ 1] (A2)

where 1 is an identity operator on /C, and T denotes the ma-

trix transposition. Sy g is found from an iterative method to
generate the experimental data with maximum probability. As
described in the main text, two different processes S* are re-
spectively associated with the two Bell measurement results
|®+)(®*|. The ideal and maximum likelihood estimators of
S+ are obtained via the algorithm in Ref. [39] using the exper-

imental data that produced the density matrices in Table Al.
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Table A2. Reconstructed single qubit density matrices p3 for all six
states |¢3) prepared on photon 3, alongside their corresponding fideli-
ties with errors.

) P F(ps,193))
095  —0.06+0.04i
) ~0.06-0.04i  0.05 1 0.9540.02
\4} 0.07 —0.01—0.05i 093 0.00
—0.0140.05i 093 93£0.
040  039-+0.06i
12) ( 0300060 060 ) 0.89£0.02
|A) 0.52 —0.37-0.07i 0874002
—03740.07i 048 87£0.
IR) 048 | 006- 037 0.87+0.02
0.06+037i 052 87£0.
043 —0.11+0.38i
‘L> ( —0.11-0.38i 0.57 1 > 0.88+0.02
|
1000 0.84
i | 0000 . | —0.01-0.06i
K =1 0000 | AMLET | 0.00—0.06i
0000 —0.0140.031
0000 0.10
- 10000 - | —0.00-0.01i
Xideal - 0000 ) XMLE = 001 —007i
0001 0.00—0.12i

The process fidelities are immediately available in this
representation as 0.84 +-0.02 and 0.83 £ 0.02 for the identity
and o3, respectively where the errors on the fidelities are the
standard deviations from 100 simulated results with Poisso-
nian statistics.
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