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Experimental realization of direct characterization of quantum dynamics
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We experimentally implement direct characterization of quantum dynamics (DCQD) algorithm of a single
qubit proposed in M. Mohseni and D. A. Lidar [Phys. Rev. Lett. 97, 170501 (2006)], which does not require
quantum state tomography. The number of experimental configurations is reduced by a factor of 2 compared
with that of standard quantum process tomography, which can be increased four times with an ideal Bell state
analyzer. We combine the DCQD algorithm with maximum-likelihood estimation to give the physical charac-
terization of quantum dynamics. It can also be applied to obtaining partial information about quantum

dynamics.
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With the development of quantum information science
[1], the characterization of the new quantum devices and
quantum dynamics will play a more and more important role.
One usual method is standard quantum process tomography
(SQPT) [1-5], which involves preparing an ensemble of a
number of a set of quantum states, subjecting each of them to
the concerned quantum dynamics, and performing quantum
state tomography [6—8] on the output states. An alternative to
SQPT, ancilla-assisted process tomography (AAPT) [9,10],
utilizing an extra ancilla system, involves preparation and
quantum state tomography of the whole system including
both the main and ancilla system.

However, two main issues are usually associated with the
two methods mentioned above: first, the number of ensemble
measurements grows exponentially with the degrees of free-
dom of the system; second, it is not able to acquire the in-
formation about the system directly. On the contrary, The
information is often indirectly estimated via quantum state
tomography.

To resolve the issues, Mohseni and Lidar [11] developed
an algorithm for direct characterization of quantum dynamics
(DCQD), which does not need quantum state tomography. It
is required that the primary system be initially entangled
with an ancilla system, and be subjected to the concerned
quantum dynamics. The information about the dynamics is
acquired through a certain set of error-detecting measure-
ments.

In this paper, for experimental reasons, we only consider
characterizing one-qubit quantum dynamics. The information
about the quantum dynamics, represented with &, can be
completely obtained by inputing four two-qubit entangled
states into the dynamics and performing certain Bell states
measurements (BSMs) at the outputs. The process is illus-
trated in Fig. 1. The number of required experimental con-
figurations is 16 for both SQPT and separable AAPT, and 4
for DCQD, while for quantum dynamics of multiqubit sys-
tems, the quadratic advantage of DCQD over SQPT and
separable AAPT is more obvious [11-14].
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The full characterization of a quantum dynamical map &
can be expressed as [1]

3
e(p) = 2 XomEmpEL. (1)

m,n=0

Here {E,,,}?n:0 are selected as the error operator basis identity
operator and Pauli operators: {I,X,Y,Z}. {x,..} contains all
information about the quantum dynamics. Our aim is to de-
termine the matrix y directly via experiment.

In the following, we will briefly introduce and modify the
method presented in Ref. [11] to implement the process of
acquiring the matrix y (see Table I) conveniently in experi-
ment. To determine the diagonal terms of the the matrix y,
referred to as quantum dynamical population in Ref. [11], let
us prepare the maximally entangled state

|67 = (10405 + [ 141012, (2)

subject qubit A to the map &, and perform the measurements
of the observables Z,Z; and XX (equivalent to BSM).
Since different output states corresponding to different pos-
sible errors of the quantum dynamics are mapped to different
orthogonal subspaces of the total Hilbert space, the prob-
abilities of obtaining the error-free outcome /, bit flip error
X4, phase flip error Z,, and both phase and bit flip errors Y,
become

pm=Tr[PmZS(p)]=Xmm(m=0’1’2’3)7 (3)
where
D
A &
1Y) 45 U BSM
B

FIG. 1. (Color online) The sketch map of direct characterization
of one-qubit quantum dynamics, involving inputing entangled state
45, the quantum map &, and Bell state measurements (BSMs).
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TABLE 1. The standard process for direct characterization of

quantum dynamics for a single qubit (for the original table please
see Ref. [11]), where |a| #|8|#0 and {|O),|1)}, {|=)}, {|+i)} are
eigenstates of the Pauli operator Z, X, and Y.

Input state Measurement Output
(|0>|0>"'|1>|1>)/\"5 ZyZp, X Xp X00> X115 X225 X33
al0)[0)+B|1)[1) ZyZp, XxXp Xo3> X12
al+)[0)+B|-)|1) XpZp, ZyXp Xot> X23
al+0)|0)+Bl-i)[1) Y\Zp, Z)Yp Xo2> X13
Pyz= |¢+><¢+ , Piz= |¢+><lﬁ+ s
Poy= | Xy|, Pyz=[¢N¢| 4)

are the four Bell states projection operators and |p*)
= (10405 £[14150) /N2, [¢%)=(|041 ) = |1,05))/ V2.

To acquire the off-diagonal elements of y, which charac-
terize the coherence in the quantum dynamical process, a set
of BSMs are performed in order that only partial information
about the system is obtained. For example, to determine x(;
and xi,, the input state is

lih2) = 0,05) + Bl1,1p) (5)

with |a|#[B| #0. Bell state projection measurements are
performed, which are represented with P,,, (m=0,1,2,3) in
Eq. (4). Since we are not able to tell the difference between
I and Z,, X,, and Y,, the coherence between them is pre-
served. The result of BSM is

Tr[Poze(p)] = 0.5[xooM + X33V + R(x03) U + I (x03) V1,
Tr[ P328(p)]= 0.5 x0oN + x33M + R(x03)U = T(x03) V],
T Pyz8(p)] = 0.5[x1 1M + x2oN — R(x12)V+ I(x12) U],

Tr[ Pyze(p)] = 0.5[x 11N + x2oM + R(x12) V + T(x12) U],
(6)

where U=2(|af*~|8]?), V=4 Im(aB"), M=|a+B%>, and N
=|a—B|? can be obtained from the input state |i,).

In order to obtain the remaining coherent elements of y,
the basis of input states and measurements are properly
changed (see Table I). For characterizing xo; and x,3, the
input state is transformed into

i) = a] + 405) + Bl 415) (7)

with |+)=(|0)%|1))/12 and BSM is transformed as the mea-
surements of observables X,Zp and Z,Xp. The results have
the similar form to Eq. (6).

To determine y, and x;3, we prepare the state

lihy) = af +i40p) + Bl—is1p) (8)

with |+i)=(]0)%i|1))/V2 and measure BSM operators Y ,Z
and Z,Yp. Therefore the matrix y containing the full infor-

mation about the quantum dynamics can be directly obtained
with four BSMs.
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FIG. 2. (Color online) The experimental setup to implement
direct characterization of quantum dynamics. The light produced by
an Ar* laser is incident on BBO crystal. The entangled state Eq. (9)
is produced via spontaneous parametric down-conversion, which
can be adjusted with half wave plate (HWP) H, and quarter wave
plate (QWP) Q,. HWP H; and QWP Q, are used to prepare the
required input states. The Hong-Ou-Mandel interferometer is used
to perform the BSM. H, and Q, change the measurement basis from
{lyh), 1)} to {| ™), |¢)}. To detect the photon pairs, we use inter-
ference filter (bandwidth 4.62 nm), single-photon detectors, and
two-photon coincidence.

Experimentally, we use linear optics to implement the
DCQD algorithm. The experiment setup is shown in Fig. 2.
A 0.59-mm-thick B-barium borate (BBO) crystal arranged in
the Kwiat-type configuration [6] is pumped by a 351.1-nm
laser beam produced by an Ar* laser. Through the spontane-
ous parametric down-conversion (SPDC) process, a non-
maximally entangled state

) = alHH) + &'b|VV) )

is produced, where the normalized real numbers a and b can
be determined by the half wave plate (HWP) H,, in the pump
beam and the phase /¢ can be adjusted with the tiltable
quarter wave plate (QWP) Q. |H) and |V} represent horizon-
tal and vertical polarization of the photons, corresponding to
|0) and |1) in the theoretical introduction. We use the Hong-
Ou-Mandel interferometer [15] to perform the BSM [16].
HWP H, and QWP Q, are used to prepare the input states in
Table I. The coincidence of Dy and Dy (Dy, and Dy) denotes
the measurement of |¢/*) and that of Dy and Dy, (Dy and Dy)
represents measuring the state |4 [17]. Since we can only
discriminate two of the four Bell states simultaneously, we
have to change the basis of BSM with the aid of H, and Q,
to perform the remaining Bell states measurements. The
steps are similar to the above for the transformed BSM.

In the experiment, we investigate several quantum dy-
namical processes, including both trace-preserving map,
identity, a unitary rotation operator, and non-trace-preserving
map, a partial polarizer. First, we use the steps introduced
above to perform DCQD measurements for these processes.
Usually, DCQD will lead to an unphysical process matrix.
For physicality, it is necessary that the map be completely
positive and not increase the trace. We use the maximum-
likelihood estimation by finding a positive and Hermitian
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FIG. 3. (Color online) y matrices obtained from direct charac-
terization of quantum dynamics (DCQD) for (a) identity, (b) uni-
tary, and (c) partial polarizer process.

matrix which is the closest fit in a least-squares sense to
convert the experimental data into physical process matrices
[7,19]. The real and imaginary part of matrix y are shown in
Fig. 3.

Next, for the same processes, we also perform SQPT mea-
surements [18]: we prepare a set of states {|H),|V),|D),|R)}
for the polarization qubit, where |[D) and |R) correspond to
[+) and |+i); each of them is subject to the process & and
quantum state tomography is performed to determine the
output states; at last, we obtain the matrix y using the calcu-
lating method introduced in Ref. [1] and maximum-
likelihood estimation [7,19]. The results are shown in Fig. 4.

Finally, by the comparison of the data in Fig. 3 and 4, we
can see that the results of DCQD and those of SQPT are in
good agreement. The average process fidelity F), [10] be-
tween these two methods are 98.8+0.6% for the identity
map. For the unitary map, we select a HWP with the angle
between its axis and the vertical axis 45°. The process fidel-
ity is 97.9+0.6%. For the partial polarizer, we insert two
pieces of tilted microscope slides into the place of € in Fig.
2. The process fidelity is 96.6+0.7% [the y matrices of par-
tial polarizer in Figs. 3(c) and 4(c) are normalized].

For every measurement, the interference visibilities of the
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FIG. 4. (Color online) y matrices obtained from standard quan-
tum process tomography (SQPT) for (a) identity, (b) unitary, and (c)
partial polarizer process.

Hong-Ou-Mandel interferometer are more than 97%. Hence
the nonperfect interference is the main cause of the decrease
in the process fidelity. Therefore based on the comparison
between SQPT and DCQD, DCQD is demonstrated experi-
mentally to be one effective way of characterizing the quan-
tum dynamics up to the current experimental accuracy.

Due to the restriction of our experimental setup, we can-
not perform complete Bell state discrimination simulta-
neously, so our experiment is not able to realize the quadratic
advantage over SQPT. However, the number of experimental
configurations is still reduced by a factor of 2 compared with
that of SQPT for characterizing one-qubit quantum dynam-
ics. Using the other method [20-22] to perform complete
BSM, this advantage will be revealed.

DCQD can also be used to extract partial information
about the quantum dynamics with fewer measurements when
we do not need the full characterization of quantum dynam-
ics or we have a prioriknowledge about the system. For ex-
ample, we can obtain the quantum dynamical population x,,,,
or the coherent elements y,,, in one BSM. Generalization to
other quantum systems, we can determine some important
physical quantities associated with the elements of y, such as
the longitudinal relaxation time and the transverse relaxation
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time in one BSM [11]. DCQD has important application in
characterization of the dynamics of quantum, which has un-
known interaction with its environment. Such characteriza-
tion of dynamics would be essential for many fields in quan-
tum information science. It can also be applied to
generalized quantum dense coding and Hamiltonian identifi-
cation tasks [13,23].

In summary, we experimentally implement the DCQD al-
gorithm for one-qubit quantum dynamics using linear optics
without quantum state tomography. By the comparison be-
tween the results of DCQD and those of SQPT, it is demon-
strated that DCQD is an effective way of directly character-
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izing quantum dynamics and is able to reduce the number of
experimental configurations by a factor of 2. The main errors
come from the nonperfect interference and the errors intro-
duced by the optical components. DCQD can also be used to
extract partial information about the dynamics without the
full characterization of it. It would be essential for many
fields in quantum information science.
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