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Optical quantum memory is one of the basic elements of quantum information systems. However, the possi-
bilities of its application in such systems sometimes can hardly be estimated by existing methods for its char-
acterization. In this work, the tomography of quantum memory has been implemented as a quantum process
in a logical basis. 1t has been shown that the implemented quantum memory scheme for polarization photon
qubits with a high accuracy corresponds to the identity transformation and is promising for application in

quantum communication and quantum computing.
DOI: 10.1134/S0021364022600951

1. INTRODUCTION

The development of efficient optical quantum
memory (QM) is important for quantum information
technologies. One of the basic aims relevant for optical
quantum communications and quantum computing
technologies is the storage of polarization qubits in
optical QM [1, 2]. Crystals with rare-earth ions open
wide possibilities for implementing optical QM
because of a long lifetime of optical and spin coher-
ences of quantum transitions [3, 4]. Such crystals usu-
ally provide anisotropic absorption of light radiation
with different polarizations [5], which complicates the
storage of quantum states of polarization qubits in
them. At least two methods for implementing such
QM are known. In the first method, orthogonal (hor-
izontal, H, and vertical, V) polarization components
of radiation are stored in different spatial modes of the
same crystal and are then joined in a single spatial
mode of the restored signal [6]. In the second method,
two crystals are used to store polarization states of the
signal [7, 8]. One of the signal polarization compo-
nents is rotated by 90° and is stored in a crystal with
the same parameters of optical QM. The experiments
reported in [6—8] show a sufficiently high accuracy of
storage of polarization qubits. However, experimental
difficulties of using various spatial modes or several
crystals make it possible to search for easier ways to
implement optical QM for polarization qubits.

In this work, we implement optical QM for polar-
ization qubits in a single spatial mode of the
Tm3*:Y;Al;04, (¢ = 0.1 at %) crystal, which has differ-
ent efficiencies of recovery for orthogonal polarization
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components of the photonic qubit. To characterize
QM under study, we develop the quantum tomogra-
phy technique based on a quantum process in a logical
basis [9, 10]. Quantum tomography can reconstruct
with a high accuracy the parameters of quantum trans-
formations performed by devices and then correct the
operation of these devices and the choice of their
parameters to ensure the necessary accuracy of quan-
tum operations. We perform the quantum tomography
of storage of polarization qubits in optical QM based on
the photon echo effect [11, 12] on an optical transition
of thulium ions in the Tm*":Y;Al;0, (¢ = 0.1 at %)
crystal with an inhomogeneous broadening in the
form of an atomic frequency comb [13].

The tomography procedure is based on the ade-
quacy and accuracy criteria and the root approach to
the parameterization of the % matrix, which makes it
possible to vary the rank of a quantum process [9, 10,
14, 15]. Furthermore, in order to separate the error of
the quantum process and the error of preparation and
measurement of quantum states, we first carried out
the tomography of the identity transformation and
took into account its results when reconstructing the
optical QM process. We showed that the resulting
quantum process matrix coincides with an accuracy
up to 96% with the ideal identity transformation.

To determine the source of errors, we developed a
model of the quantum process in the single-qubit basis
taking into account different quantum efficiencies for
different polarization modes and background noise. It
was shown that the developed model adequately
describes the results and its application demonstrates
that the quantum state of the polarization qubit can be
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Fig. 1. (Color online) Application of optical quantum
memory to fabricate a demanded single-photon source.

restored with a high accuracy in the proposed optical
QM scheme.

2. OPTICAL QUANTUM MEMORY
AND APPROACHES TO ESTIMATE
ITS QUALITY

One of the important applications of optical quan-
tum memory is the development of efficient
demanded single-photon sources based on heralded
conditional sources [2] (Fig. 1). Heralded single-pho-
ton sources are based on processes where a pair of
photons are created with a certain probability in two
correlated optical modes in a nonlinear optical process
(spontaneous parametric down conversion or sponta-
neous four-wave mixing) induced by a pump laser
pulse. Then, the detection of a photon in one of the
channels indicates with a high probability the presence
of the second photon in the conjugate channel. Such a
conditional probability of triggering heralded single-
photon sources currently reaches 97% [16], which is
much higher than that for demanded single-photon
sources (60% [17]). The introduction of QM in the
considered technology will make it possible to store a
photon at the time of triggering the detector and then
to emit it at a given different time. Thus, quantum
memory can solve the problem of the efficient syn-
chronization of demanded single-photon sources.

Losses in the optical channel leading to errors are
crucial for optical communication. Quantum repeat-
ers can solve this problem [18]. They are chains of
sequentially connected sources of entangled photons
and detectors ensuring measurements in the basis of
Bell states (Fig. 2). Then, if all detectors are triggers,
photons on the opposite ends of a chain are in an
entangled state and can be used, e.g., for key distribu-
tion according to the Ekert protocol. However, the
implementation of such a chain is problematic because
sources of entangled photon pairs usually operate in
the spontaneous mode; i.e., they are triggered only
with a certain very low probability. Such sources can
also be synchronized using QM. In this application,
this memory should not only store a photon but also
store its polarization or phase state, which is used to
encode quantum information.

One of the most promising physical platforms for
quantum computing is a photon platform. Its evident
advantage is the possibility of avoiding decoherence.
However, the absence of the interaction between pho-
tons is its demerit. Nevertheless, this platform has
already demonstrated quantum advantage [19], and
the one-way quantum computing architecture is
promising for implementing practically important
quantum algorithms. Within this approach, a high-
dimensional entangled (cluster) state is first prepared
and the entire subsequent algorithm is reduced to the
sequential measurement and unitary transformation of
individual qubits. The type of each unitary transfor-
mation depends on the results of measurements of all
preceding qubits. Entangled optical states (even low-
dimensional) are usually obtained probabilistically;
consequently, numerous sources of low-dimensional
entangled state should be synchronized to prepare
cluster states. Then, the measurement and transfor-
mation of individual qubits should be synchronized to
implement computing. All these procedures also
require QM, which should in this case allow storing
not only individual qubits but also cluster states with
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Fig. 2. (Color online) Application of quantum memory in quantum repeaters.
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Fig. 3. (Color online) Application of quantum memory in the one-way quantum computer architecture.

the possibility of sequential addressed extraction of
qubits one-by-one (Fig. 3).

Thus, to understand the possibilities of application
of optical QM in quantum information systems, it is
necessary to study its properties as a single- or mul-
tiqubit process. However, the corresponding studies
are usually reduced only to the determination of low-
level technical characteristics such as the life-
time/storage time, efficiency, and presence of noise.
The authors of [20, 21] performed tomography of QM
as a single-mode quantum process in the infinite basis
of quadrature or Fock states of light. This approach
makes it possible to reveal imperfections in the imple-
mentation of QM, but its generalization even to the
two-mode case corresponding to single-qubit QM
crucially increases the dimension of the problem,
making it hardly solvable both in the number of mea-
surements and in computing difficulty. At the same
time, in practice, it is not necessary to consider
infinite-dimensional multimode Fock spaces; it is suf-
ficient to consider a subspace corresponding to the
logical values of qubits. This problem is much simpler
and will allow in future the characterization of mul-
tiqubit QM.

3. EXPERIMENTAL IMPLEMENTATION
OF THE QUANTUM MEMORY PROTOCOL
BASED ON ATOMIC FREQUENCY COMBS

The experimental sample was optical QM based on
the photon echo in a Tm3*:Y;Al;0,, crystal with an
impurity ion concentration of 0.1 at %, where an
atomic frequency comb with 11 peaks spaced by
A = 2.5 MHz was created on the 793.37-nm 3Hg(1)—
3H,(1) optical transition. The crystal was placed in a
weak external magnetic field B || [001] at a temperature
of 3.4 K. The process of initialization was similar to
those described in [13, 22, 23]. Stored optical pulses
had a Gaussian time profile with a FWHM duration of
oz, = 150 ns. A disadvantage of this protocol is the pre-
set storage time £..,, = T = 400 ns, and its advantage is
the absence of optical noise because the time interval
from the initialization (or production) of the atomic
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frequency comb to the emission of the stored pulse is
much longer than the lifetime of the excited optical
state and spontaneous emission from the excited state
is insignificant. At the same time, it is known that,
using the Stark (Zeeman) effect in rare-earth ions in
external electric (magnetic) fields, one can controlla-
bly dephase and rephase excited optical and spin
coherence [24, 25]. Thus, the emission time of the
photon echo signal can be multiplied as #,,,, = #t
(n =1,2,...) and demanded reading of the input signal
can be implemented [26, 27].

Polarization degrees of freedom were used to

encode information. The |0) and [I) logical states cor-
responded to the state of one photon in horizontally
and vertically polarized modes, respectively. A demerit
of such encoding to implement optical quantum
memory is that the quantum efficiencies are different:
Ny = 13.8% and ny = 7% for the horizontal and verti-
cal polarizations, respectively.

The layout of the experimental setup for the
tomography of optical quantum memory is shown in
Fig. 4. Input states are prepared by means of laser
pulses attenuated by an attenuator (Att). Their polar-
ization is fixed by a polaroid (P) and is then trans-
formed by half-wave (HWPI1) and quarter-wave
(QWP1) phase plates. Thus, an arbitrary polarization
state of light can be stored in QM. Optical pulses
extracted from memory are reflected by a mirror (M),
pass through half-wave (HWP2) and quarter-wave
(QWP2) phase plates, and are then split by a polariza-
tion beam splitter PBS into two channels, where
detectors D1 and D2 are placed. Measurements are
carried out in both the multiphoton and quasi-single-
photon regimes. In the multiphoton regime, the atten-
uation factor of the attenuator is chosen such that the
average number of photons in a pulse is much larger
than one, and linear photodetectors are used to record
such pulses. In the quasi-single-photon regime, pulses
are attenuated to the average number of photons
u = 0.88 and are detected by silicon avalanche photo-
diodes operating in the photon count mode. The echo
count histogram based on atomic frequency combs for
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Fig. 4. (Color online) Layout of the experimental setup for the tomography of single-qubit quantum memory and the quantum

process tomography protocol.

storing and restoring the [l) state at a time of 0.4 us is
exemplified in Fig. 5.

4. RECONSTRUCTION OF THE QUANTUM
MEMORY PROCESS

The general single-qubit quantum process can be
defined in terms of the ¥ matrix, which ensures the fol-
lowing transformation of the density matrix:

— T —
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o.p
where
o o o (o)
A== A, === A =2 A, =3
N N N )
0.0012F —— Vertical polarization
— L —— Horizontal polarization
£ 0.0010
83 -
£0.0008
g L
g 0.0006
= L
=}
S 0.0004
3
3 L
~ 0.0002
0‘
-0.2 0 0.2 0.4 0.6
1 (us)

Fig. 5. (Color online) Example of the echo count histo-
gram based on atomic frequency combs for storing and
restoring the | 1) state at a time of 0.4 ps.

constitute the normalized basis of Pauli matrices. The
4 X 4 x matrix with the elements ), has a trace of 2
and can be represented in the form y = ee’, where e is
the 4 X r matrix and » = 1, 2, 3, or 4 is the rank of the
quantum operation. Varying the rank, one can obtain
the maximum accuracy of the reconstruction of the
process parameters, thus ensuring the adequacy of the
model to experimental data.

For the full tomography of a quantum process, it is
necessary to feed some set of states to the entrance and to
conduct mutually supplementary measurements of the
input states. In this work, we choose the “cube protocol”
with six input states |b;) = {+),[-),[+i),|=i),0),[)},
where the projectors P, = |b,){b;| corresponding to the
observables X, Y, and Z are measured at the output.
These states and observables are indicated on the
Bloch sphere in the inset of Fig. 4.

At the first stage, the measurement scheme was
calibrated in the absence of QM in the multiphoton
regime; i.e., the tomography of the identity trans-
formation was carried out. It was found that the mirror
(M) in the measurement scheme introduces an
additional phase difference between horizontally
and vertically polarized radiation, which is described
by an additional unitary transformation of polari-

zation qubits with the matrix U, =
0.36 +0.937 —0.08 —0.03; . .
. .|, which approximately
0.08 —0.03; 0.36 —093i

corresponds to the rotation of the qubit on the Bloch
sphere about the Z axis [28] by an angle of —137°. The
measurement protocol was correspondingly corrected,
and the measurements are described by the projectors
P =U}PU,.

The second stage of tomography was conducted in
the quasi-single-photon mode. To reconstruct the
parameters of QM, we used a rank-1 model that does
not conserve the trace of the process because this
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Fig. 6. (Color online) Quantity X2 versus the noise param-
eter y in the measurement model.

memory is characterized by asymmetric efficiencies
for the horizontal and vertical polarization com-
ponents. Dark noise of detectors plays a significant
role in the quasi-single-photon measurement. The
standard approach involves the simple subtraction of
such noise from statistical data. A more correct
approach requires the modification of the measure-
ment model itself. This modification corresponds to
the correction of the measurement operators as

w_ Pyl
B =
2y+1
choose the optimal yvalue, we minimized the quantity
X2 = Z:’:l O, - Ej)Z/Ej, where O; and E; are the

detected and expected numbers of counts, respec-
tively. Figure 6 shows their dependence on the con-
sidered noise parameter. The minimum of this func-

, where 7y is the noise coefficient. To

Re (x)

tion is ensured at the value y = 0.052, corresponding

to the calculated value y=-“— 2d = 0.050, where

mu
d = tR = 0.0023 is the probability of dark triggering
of the detector during the pulse readout time. There-
fore, the used QM protocol based on the atomic fre-
quency comb indeed does not introduce additional
optical noise. The value y= 0.052 is used below to
develop an adequate model of the quantum process.

The reconstruction of the rank-1 process yields the
nonunitary matrix

_(0.8234-0.0091; —0.0564 —0.0824i 2
—0.0149 — 0.0783; 1.1426 + 0.0127i

which can be interpreted as the Jones matrix of the
process executed by quantum memory. This matrix is
defined with accuracy to the general losses of the
entire measurement scheme. Its normalization

Tr(J Ty ) = 2 coincides with the normalization of an
arbitrary unitary matrix, in particular, the identity
matrix. This allows one to analyze the capability of
QM to store the logical states of a polarization qubit.
The x matrix of the transformation given by Eq. (2) is
shown in Fig. 7.

The Pauli transfer matrix of this process has the
form

1 —-0.0636 —0.0209 —-0.3156
-0.0770 0.9480 —0.0177 0.0539
0.0288 0.0240 0.9334 —0.1580 |
—-0.3120 -0.0277 0.1576 0.9837

It is equivalent to the Miiller matrix of the polarization
transformation. The first row of this matrix describes
the degree of conservation of the trace of the process.
For processes conserving the trace, the first row has

Im (y)

Fig. 7. (Color online) y matrix of the restored quantum memory process in the Pauli representation. For an ideal identity trans-

formation, all elements of the  matrix are zero except for x; = 2 (in this case, Eq. (1) ensures the identity transformation).
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Fig. 8. (Color online) Theoretical (based on the restored rank-1 process) and experimental numbers of photocounts in each of
the 36 measurements of the quantum process tomography protocol.

the form (1000). The first column of the matrix R
characterizes the degree of unitality of the process. For
unital processes, the first column has the form

(IOOO)T. The matrix R for the ideal identity process is
the identity matrix.

The accuracy of the resulting transformation rela-
tive to the identity process is 96.63%. Figure 8 shows
theoretical and experimental numbers of photocounts.
The Pearson correlation coefficient between these two
sets is 0.9806. Good agreement between experimental
data and the developed theoretical model clearly
demonstrated in Fig. 7 is also confirmed by the y? cri-
terion.

Within a more complex rank-2 model, the recon-
structed y matrix has eigenvalues of 1.9733 and 0.0267.
The Kraus operators have the form

g = -0.8201 0.0572 +0.0819¢
: 0.0157 +0.0769i —1.1331—0.0248i )’

E = -0.1117 —0.0363 — 0.0209i
2 —0.0813 -0.0039; 0.0759 +0.0087; )

The contribution from the second component is as
small as about 1.3%.

5. CONCLUSIONS

The review of areas of application of optical quan-
tum memory and approaches to its characterization
have shown that the existing methods of characteriz-
ing optical quantum memory cannot completely esti-
mate the possibility of its application in quantum
information. To obtain the most adequate estimate, it
is necessary to consider quantum memory as a quan-
tum process in the logical basis of qubits. Within this
approach, we have performed the experimental
tomography of optical quantum memory based on the
photon echo effect in the Tm3**:Y;Al;0,, crystal. The
polarization degrees of freedom of photons with dif-

ferent restoring efficiencies for the orthogonal polar-
ization components of a photon qubit have been used
to encode qubits. At the first stage, we have performed
the calibration of the experimental setup correspond-
ing to the tomography of the identity transformation in
the multiphoton mode. It has been found that the
measurement scheme involves an additional unitary
transformation, which has been taken into account in
subsequent experiments. The tomography of single-
qubit quantum memory in the quasi-single-photon
mode has been performed at the second stage. To
develop an adequate measurement model, we have
taken into account dark noise of single-photon detec-
tors. As a result, it has been shown that a rank-1 pro-
cess can be used to describe single-qubit quantum
memory. Such a model adequately reproduces experi-
mental data with a correlation coefficient of 0.9806.
The matrix of the resulting process corresponds to the
identity transformation with an accuracy of 96.63%,
which indicates that implemented optical quantum
memory can be applied in quantum information prob-
lems. To summarize, the quantum memory tomogra-
phy procedure as a single-qubit quantum process has
been developed and successfully approved in the
experiment. It has been shown that the relation
between the amplitude and phase difference between
quasi-single-photon states does not significantly
change. In the future, the developed method can be
generalized to the multiqubit case, which will allow, in
particular, the analysis of the accuracy of conservation
of the entanglement of quantum states. We note that
the efficiency of quantum memory, as well as the
accuracy of restoring the signal pulse, can be increased
by placing the working medium in a cavity with opti-
mal parameters [25]. The use of a system of several
interacting cavities is also possible [29, 30], which
opens new possibilities of implementing quantum
memory and of expanding its working spectral range.
JETP LETTERS  Vol. 116
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