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Direct characterization of quantum dynamics �DCQD� introduced by Mohseni and Lidar �Phys. Rev. Lett.
97, 170501 �2006�� offers an effective way for estimation of quantum dynamical systems. Employing single-
photon two-qubit states, we experimentally implement DCQD of one-qubit dynamics. The requirement of
two-body interactions is thus eliminated such that the algorithm can be realized more conveniently. Both
DCQD and standard quantum process tomography �SQPT� measurements are performed for several processes.
The data from both methods show good agreement. Although the average process fidelities of the data obtained
via DCQD are a little lower than that of SQPT, the number of experimental configurations is quadratically
reduced evidencing the quadratic advantage of DCQD scheme. Partial information of the quantum dynamics
can also be directly extracted via DCQD with fewer measurements.
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I. INTRODUCTION

Quantum-information science �1� offers a way for more
efficient and secure information processing, by properly con-
trolling and measuring on certain quantum systems. Unfor-
tunately, the states of the quantum systems are often fragile,
especially when the systems are involved in unknown inter-
actions with the environment. Accurate estimation and con-
trol on the quantum systems in the presence of decoherence
are thus important, for which the knowledge of the quantum
dynamics acting on the quantum system is indispensable.
Therefore the characterization of quantum dynamical sys-
tems becomes a task of fundamental and practical impor-
tance, which provides the required knowledge for estimation
and control on the quantum dynamics, especially for verify-
ing or monitoring the performance of a quantum device, and
the design of decoherence-mitigation methods. One usual
method for this characterization is standard quantum process
tomography �SQPT� �1–6�. An ensemble of identical quan-
tum systems are prepared in a member of a set of quantum
states, then each of them are subjected to the concerned
quantum dynamics, and the dynamical process is recon-
structed by quantum state tomography �7� on the output. An-
other method is known as ancilla-assisted process tomogra-
phy �AAPT� �8–12�, extracting the information of dynamics
by performing quantum state tomography on the joint system
of the primary system and ancilla.

However, the total number of experimental configurations
for measurements grows exponentially with the degrees of
freedom of the system, and the information is acquired indi-
rectly. To address these issues, Mohseni and Lidar �13� pro-
posed an algorithm for direct characterization of quantum
dynamics �DCQD�. The primary system is initially entangled
with an ancilla system, and subjected to the concerned quan-
tum dynamics, then information about the dynamics is ac-
quired through a certain set of error-detecting measurements.
The number of experimental configurations is reduced qua-
dratically compared to that of SQPT and separable AAPT

�13,14�. Considering characterization of one-qubit quantum
dynamics, by inputting four two-qubit entangled states into
the quantum dynamics and performing certain Bell-state
measurements �BSMs� on the outputs, the information about
the dynamics can be completely obtained. The number of
required experimental configurations is four for DCQD,
while 16 for both SQPT and separable AAPT. For quantum
dynamics of multiqubit systems, the quadratic advantage is
more obvious. Furthermore, information of quantum dynam-
ics is acquired directly, therefore DCQD can be used to ex-
tract partial information of the quantum dynamics with fewer
measurements �13,14�, when we do not need the full charac-
terization of quantum dynamics or we have a priori knowl-
edge about the concerned system. In practice, DCQD has
important application in characterization of quantum systems
embedded with unknown interactions with the environment.
It is more convenient and practical since the information of
quantum dynamics can be acquired directly with fewer mea-
surements.

Direct characterization of one-qubit quantum dynamics
has been experimentally demonstrated with two-photon po-
larization entangled states �15�. Due to the lack of complete
Bell-state discrimination system, the number of experimental
configurations is only reduced by a factor of 2. Besides, in
both theoretical discussions �13,14� and the experiment �15�,
two-body interactions are required for DCQD of one-qubit
dynamics.

In the present work, we implement the task with a prac-
tical scheme, which makes DCQD of one-qubit dynamics
more convenient. Employing single-photon two-qubit states
�16�, two-body interactions are no longer required. In the
experiment, one-qubit dynamics acting on the polarization
state of a photon is considered. With polarization qubit of the
photon being the primary system while spatial �path� qubit
being the ancilla, deterministic Bell-state measurements be-
come easy to be carried out and the number of experimental
configurations is reduced to four, revealing the quadratic ad-
vantage of the algorithm. Moreover, since all the operations
and measurements are performed on single-photon states, the
DCQD algorithm for one-qubit dynamics becomes more
convenient to be realized. In the experiment, we perform
DCQD measurements for several quantum dynamics simu-*mugualaw@hotmail.com
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lated with some optical devices. The average process fideli-
ties of the experimental data for all of the concerned pro-
cesses are higher than 97.4%. For the same processes, SQPT
measurements are also performed for comparison and the
data obtained via two methods are in good agreement.

II. DCQD WITH SINGLE-PHOTON TWO-QUBIT STATES

The evolution of a one-qubit quantum system can be ex-
pressed in terms of a completely positive quantum dynamical
map �, which can be represented as �1�

���� = �
m,n=0

3

�mnEm�En
†, �1�

where � is the initial state of the system, and �Em� are se-
lected as the error operator basis identity operator and Pauli
operators, �I ,X ,Y ,Z�. ��mn� are the matrix elements of the
superoperator �, which contains all of the information about
the quantum dynamics. The task is to determine each ele-
ment of the matrix � directly in the experiment.

To determine the diagonal elements of �, the initial state
is prepared in the maximally entangled state

��+	 = ��H	�0	 + �V	�1	�/
2 �2�

where �H	 ��V	� represents the horizontal �vertical� polariza-
tion state, while ��0	 , �1	� refer to the spatial qubit of the
photon �see Fig. 1�. Then we subject the polarization qubit to
the map �, and perform measurements of the observables ZZ
and XX, which is equivalent to BSM. The probabilities of
obtaining different output states become

pmZ = Tr�PmZ����� = �mm �m = 0,1,2,3� , �3�

where

P0Z = ��+	��+�, P1Z = ��+	��+� ,

P2Z = ��−	��−�, P3Z = ��−	��−� �4�

are the four Bell-state projection operators with ���	
= ��H	�0	� �V	�1	� /
2 and ���	= ��H	�1	� �V	�0	� /
2.

In order to obtain the off-diagonal elements of �, a set of
BSMs should be performed to acquire only partial informa-
tion about the system. For instance, to determine �03 and �12,
the initial input state is modified into

��Z	 = ��H0	 + ��V1	 �5�

with ���� ����0. With the results of Bell-state projection
measurements performed on the output, we obtain

Re��03�U = Tr�P0Z����� + Tr�P3Z����� − �00 − �33,

Im��03�N = Tr�P0Z����� − Tr�P3Z����� − M��00 − �33� ,

Im��12�U = Tr�P1Z����� + Tr�P2Z����� − �11 − �22,

Re��12�N = Tr�P2Z����� − Tr�P1Z����� + M��11 − �22� ,

�6�

with U=2����2− ���2�, M =2 Re�����, and N=4 Im�����.
To characterize the remaining off-diagonal elements of �,

the basis of the input states and measurements must be trans-
formed. To determine �01 and �23, the input state is changed
into

��X	 = �� + 	�0	 + ��− 	�1	 �7�

with �� 	= ��H	� �V	� /
2. BSM is accordingly transformed
as the measurements of observables XZ and ZX. The results
have similar form to Eq. �6�.

To determine �02 and �13, the input is prepared as

��Y	 = ��+ i	�0	 + ��− i	�1	 �8�

with ��i	= ��H	� i�V	� /
2 and the BSM operators are YZ
and ZY. Then the matrix �, thus the full information about
the concerned quantum dynamics, can be directly obtained
with four different inputs and corresponding BSMs.

III. EXPERIMENT

The experimental setup is shown in Fig. 1. Spontaneous
parametric down-conversion �SPDC� process is employed to
prepare heralded single photons �17,18�. A mode-locked Ti-
:sapphire pulsed laser �with the pulse width less than 200 fs,
the repetition about 76 MHz, and the center wavelength at
850 nm� is frequency doubled to produce the pumping
source. The average power of the pump source is 600 mW. A
1.0-mm-thick �-barium borate nonlinear crystal cut for
type-II noncollinear phase match is used as the down con-
verter. The photons are detected at a wavelength of 850 nm
through interference filters with a 	
FWHM=10 nm, which
results in a coherence time of 240 fs. As the photons of a pair
are strongly correlated in time, the detection of one photon
heralds the existence of the other one which is used for the
scheme. Coincidence detection is performed between Dt and
Di �i=1,2 ,3 ,4�, within a chosen time window of 2 ns. In
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FIG. 1. �Color online� The experimental setup for direct charac-
terization of quantum dynamics with single-photon two-qubit states.
H�Q�: Half- �quarter-� wave plate; D, avalanche photodiodes
�APD�. �a� Preparation of input states. Heralded single photons cre-
ated via spontaneous parametric down conversion are prepared in
the state �H	 by the polarizer. Then the required entangled states are
prepared by properly setting the wave plates �shown in Table I�. �b�
Bell-state measurements on the output, performed via a polarization
beam splitter �PBS1� and the following polarization analysis. The
preparation and BSM stages form a balanced Mach-Zehnder
interferometer.
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addition, the probability of producing more than one pair
during a single pump pulse is much less than that of only one
pair. Accidental coincidences or multicoincidences are thus
negligible. The single photons are then prepared into the
state �H	 via a polarizer �shown in Fig. 1�a��.

For obtaining the diagonal elements of �, the initial state
��+	 is prepared by lighting single photons polarized in the
state �+ 	 onto a polarization beam splitter �PBS, transmitting
horizontal polarized light and reflecting vertical ones� �16�,
setting the fast axis of the half-wave plate H0 at an angle of
67.5° with respect to the vertical axis. Then we subject the
polarization qubit of the photons to the quantum dynamics �
and perform BSM on the outputs. For deterministic Bell-
state discrimination, PBS1 and polarization measurements in
the basis ��� 	� �with the half-wave plates H3 and H4 set at
67.5°� are employed, shown in Fig. 1�b�. The two paths are
recombined on PBS1, which performs as a controlled-NOT

�CNOT� gate with the polarization state of the photon being
the control qubit and the spatial qubit being the target
�19,20�. The preparation and measurement stages form an
equal-path Mach-Zehnder interferometer. A prism is em-
ployed to compensate the optical path difference and ensure
the interference of the two paths on PBS1. For characterizing
the off-diagonal elements of �, we choose �=
3 /2 and �
= i /2. Another two half-wave plates �H1,2� or quarter-wave
plates �Q1,2� are employed. By properly setting these wave
plates �shown in Table I�, the required input states and the
BSMs are successfully achieved.

IV. RESULTS AND DISCUSSIONS

In the experiment, we investigate several quantum dy-
namical processes, including three trace-preserving maps
�identity and two unitary rotation operators� and one non-
trace-preserving map �a polarizer�. A half-wave plate is se-
lected and inserted into the place of � to simulate two unitary
operators. By setting its fast axis at an angle of −45° with
respect to the vertical axis, X gate is simulated first. Then the
angle of the half-wave plate is set at −22.5° to simulate a
Hadamard gate �1�. For the non-trace-preserving map, a po-
larizer set to transmit only horizontal polarized light is con-
cerned. In the experiment, the Bell-state preparations and
measurements are sensitive to the relative phase in two arms
of Mach-Zehnder interferometer. So the interferometer
should be aligned to be absolutely balanced without any
phase fluctuation in two arms, which is impossible in practi-

cal. We try to meet this request by keeping the visibility of
the interferometer as stable as possible. The interferometer is
located in a box fixed on an air cushion table to reduce the
phase fluctuation. During our experiment, the visibility var-
ies slowly with time due to phase fluctuations and maintains
above 97.8% within more than 10 minutes, which is long
enough for us to complete the measurements. The experi-
mental results of the DCQD measurements are converted
into a positive and Hermitian matrix using the maximum-
likelihood technique �21�. The real and imaginary part of the
obtained matrix � are shown in Fig. 2. To test whether the
experimentally obtained matrix � agrees with the concerned
quantum dynamics, we calculate the average process fidelity
�10� between the experimental data and the theoretical
matrix. For identity map, the average process fidelity is

TABLE I. The settings of the wave plates in our experiment.
The numerals show angles of the fast axes of the wave plates, with
respect to the vertical axis. All of the wave plates are not simulta-
neously used in a single experiment configuration.

Required input H0 Q1 H1 Q2 H2

��+	 67.5°°

��Z	 75° 90°

��X	 75° 90° −22.5° −22.5°

��Y	 75° 45° −45°

I X Y Z

IXY
Z
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I X Y Z

IXY
Z
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FIG. 2. �Color online� The matrix � obtained from direct char-
acterization of quantum dynamics �DCQD� for �a� identity, �b� uni-
tary, X gate simulated with half-wave plate, �c� unitary, Hadamard
gate simulated, �d� polarizer set to transmit only horizontal polar-
ized light.
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98.8%�0.6% and the fidelities for other concerned pro-
cesses are all higher than 97.4%, summarized as FDT in
Table II.

For the same processes, SQPT measurements are also per-
formed for comparison. We prepare polarization qubits in the
states of ��H	 , �V	 , �+ 	 , �+i	�, then subject each of them to the
map �, perform quantum state tomography on the outputs
and obtain the matrix � using the method introduced in Ref.
�1� and the maximum-likelihood technique �21�. The results
are shown in Fig. 3 and the average process fidelities FST of
the experimental data are shown in Table II.

By comparing the data shown in Figs. 2 and 3, we find the
results of DCQD and that of SQPT agree well. The average
process fidelities between these two methods �FDS� for iden-
tity map is 98.9%�0.8%. For the unitary maps, the process
fidelities are 98.0%�0.6% and 97.6%�0.5% for X gate and
Hadamard gate, respectively. The fidelity for the polarizer is
97.9%�0.5%.

Although the average process fidelities of the data ob-
tained via DCQD are a little lower than that of SQPT, the
number of experimental configurations is quadratically re-
duced and partial information of the quantum dynamics can
be directly extracted with fewer measurements. In the experi-
ment, four different input states and corresponding Bell-state
discriminations are required. Since BSMs can be determinis-
tically performed here, only four experimental configurations
are necessary thus the quadratic advantage of DCQD is re-
vealed. We can also directly obtain certain elements of �,
such as �mm, with certain input and corresponding BSM
without performing all four measurements. At the same time,
the primary qubit and the ancilla are prepared on a single
photon thus all the operations and measurements are per-
formed on single-photon states. In addition, SPDC is not
necessary for our scheme although it is used to create her-
alded single photons in the experiment. Other kinds of
�quasi-� single-photon sources, such as faint laser pulses
�22�, colored centers in diamond �23,24�, can also be used
for this scheme. These issues make DCQD algorithm for
one-qubit quantum dynamics more convenient to be per-
formed in practice.

The major imperfection in the experiment may come from
the following sources. The first one is the imperfection of the
interferometer, which is mainly caused by phase fluctuation
in two arms of Mach-Zehnder interferometer and imperfect
overlap in the spatial modes. The second one is some prac-
tical imperfections in optical elements, especially the ele-

ments employed in the interferometer since the two beams
light on them at different points.

The quantum dynamics concerned in our experiment act
only on the polarization state of the photon. Using single-
photon two-qubit states and similar experimental arrange-
ments, direct characterization of those dynamics acting on
the spatial qubit can also be performed.

To subject the polarization qubit to the dynamics, the two
beams �corresponding to paths �0	 and �1	 in Fig. 1� should
transmit through the same devices whose dynamics are con-
cerned. The two beams are parallel aligned with a distance of
about 7 mm to light on the devices inserted into the place of
�, with the clear apertures of no less than 12.7 mm. In reality,
there are some devices �for example, optical fibers� whose
clear apertures are not large enough for two beams. For these
devices, the above scheme can also work under slight modi-
fications, as shown in Fig. 4. An optical switch �OS, as has

TABLE II. Average process fidelities for each process between
the matrix obtained via DCQD, SQPT, and the theoretical matrix.
FDT in the table refers to the process fidelity between the matrix
obtained via DCQD and the theoretical matrix, similarly for FDS,
FST.

FDT FDS FST

Identity 98.8%�0.6% 98.9%�0.8% 99.8%�0.4%

X gate 97.4%�0.7% 98.0%�0.6% 99.4%�0.5%

Hadamard gate 98.5%�0.5% 97.6%�0.5% 99.5%�0.3%

Polarizer 97.8%�0.5% 97.9%�0.5% 99.8%�0.4%
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FIG. 3. �Color online� The matrix � obtained from stand quan-
tum process tomography �SQPT� for �a� identity, �b� unitary, X gate
simulated with half-wave plate, �c� unitary, Hadamard gate simu-
lated, �d� polarizer set to transmit only horizontal polarized light.
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been used in Ref. �25�, for example� is introduced. Single-
photon lighting on PBS0 is divided into two parts, then com-
bined into one single beam by PBS2, with the two parts
temporally separated due to a length difference of the two
paths between PBS0 and PBS2. After subjecting to the map �,
the earlier part is lead into the longer path “0” via the optical
switch, while the later part into the shorter path “1.” Then
two parts encounter on PBS1 for interference and DCQD
measurements can be achieved.

DCQD provides us an effective way for estimation of
quantum dynamical systems. Some important physical quan-
tities associated with the elements of � can be directly deter-
mined and partial information about the dynamics can be
extracted with fewer measurements. In practice, DCQD has
important application in characterization of quantum sys-

tems, especially when the quantum systems are involved in
unknown interactions with the environment. It can be used to
accurately estimate those quantum devices and quantum
channels employed in quantum computation and quantum
communication, in order to verify or monitor the perfor-
mance of them under decoherence. DCQD offers indispens-
able knowledge of the systems for prediction of outcomes
and closed-loop control on the systems, which is important
for quantum error correction �1� and coherent control �26�. It
can also be applied to other fields in quantum-information
science, such as Hamiltonian identification and generalized
quantum dense coding tasks �14�.

In summary, we experimentally implement DCQD algo-
rithm for one-qubit quantum dynamics using single-photon
two-qubit states. The experimental data offer high average
process fidelities. For comparison, we also perform SQPT
measurements, the results obtained via the two methods are
in good agreement. In virtue of deterministic Bell-state dis-
crimination on this kind of state, the quadratical advantage of
DCQD is revealed with the number of experimental configu-
rations reduced to four in our experiment. Direct character-
ization of one-qubit quantum dynamics is made more prac-
tical, since two-photon states manipulations and two-body
interactions are no longer necessary in our scheme.
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FIG. 4. �Color online� A modified scheme for devices whose
clear apertures are not large enough. Temporally separated two parts
of a single photon are recombined on the polarization beam splitter
PBS1 with the help of the optical switch �OS� after subjected to the
quantum dynamics �. Preparations and measurements of the states
are similar to that of the original scheme.
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