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Experimental optimization of charging quantum batteries through a catalyst system
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Quantum batteries are quantum systems that potentially serve as fuel for other quantum devices by receiving
and supplying energy. In this Letter, we investigate the charging processes of a state-of-the-art quantum battery
made of a harmonic oscillator, which can store infinite amounts of energy in principle. We experimentally
simulate the charging process using a high-dimensional photonic quantum system with multiple concatenated
interferometers. Our experiments demonstrate that both the stored and extractable energy of the quantum battery
can be significantly improved by introducing a catalyst system. This charging protocol has the same performance
as optimized the frequency of the external field in the direct charging protocol but is more convenient without the
requirement of probing the global frequency of the charge-battery system. From the viewpoint of experimental
innovation, we propose a general method to deterministically implement an arbitrary trace-preserving nonunitary
channel and realize it experimentally. Our work shows the potential of this interesting quantum battery and sheds

light on experimental investigations of quantum batteries.
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Introduction. Thermodynamics forms the cornerstone of
our current understanding of the physical world, which has
traditionally been concerned with low-speed macroscopic sys-
tems. Along with representative revolutions in relativity and
quantum theory, thermodynamics has been applied beyond
its original domain, from the study of black holes [1,2] to
quantum thermodynamics [3,4]. Quantum thermodynamics
focuses on explaining thermodynamic concepts such as en-
ergy, work, and entropy, in the quantum world [5-11]. To this
end, quantum batteries (QBs) [12—17], quantum systems for
receiving and supplying energy, have emerged as a power-
ful paradigm to explore the laws and potential applications
of energy transmission by utilizing quantum resources such
as entanglement [18-20], coherence [21-25], and discord
[26-28].

The task to optimize a QB includes improving the storage
of energy during charging, as well as enhancing the ability to
transfer the stored energy to the center of consumption during
discharging [29-37]. For traditional QBs made of n two-level
systems, there are a series of protocols to exploit the stored en-
ergy through parallel charging [38—40] or collective charging
[39-43]. Here, we consider a different model of the QB made
by quantum harmonic oscillators (QHOs) [44-46], which we
refer to as a quantum harmonic oscillator battery (QHOB).
Compared with a two-level system whose maximum stored
energy is limited to one quanta, a QHOB can in principle store
an arbitrary amount of energy.
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In this Letter, we consider a QHOB charged by another
QHO (charger) driven by an external laser field. We simulate
the charging process of the QHOB using a single-photon inter-
ference network. To improve the energy storage of the QHOB,
we employ two optimization schemes, either by tuning the
frequency of the charging laser field or introducing a catalyst
system. Furthermore, we investigate the effect of the tempera-
ture of the environment on energy extraction. We evaluate the
robust performance of the QHOB when energy is dissipated
from the charger and catalyst system to the environment.
Our work provides an experimental demonstration of charging
quantum batteries through a catalyst system. In addition, from
the viewpoint of experimental innovation, we propose a gen-
eral method to deterministically implement trace-preserving
nonunitary channels and realize it experimentally through a
single-photon interferometric network.

Model. A straightforward method for charging the QHOB
is shown in Fig. 1(a). Here, the QHOB with frequency w, is
directly charged by another QHO with frequency w., which
is coupled with the external laser field of frequency w; and
amplitude F' [33,45]. Therefore, we call this charging process
a direct charging process, of which the Hamiltonian of the
whole system is (& = 1)

H=w.c+ opb'b+ gcb(ch + ch)
+ F(eiu)ftc + e_iwftc+), (1)

where g is the coupling strength between the battery and the
charger, and b (b") and c (c') are the annihilation (creation)
operators of the battery and the charger, respectively.

At the beginning time t = 0, the whole system is initialized
in a product state p.,(0) with both the charger and the battery
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FIG. 1. Schematic illustration of two charging protocols for the
QHOB. (a) The QHOB is directly coupled to the charger, which is
driven by an external laser field. (b) A two-level quantum system acts
as a catalyst system between the QHOB and the charger.

being in their ground states. In order to transfer energy to a
traditional QB, the charger is generally required to be pre-
pared in a specific initial state [42—44], but this requirement
can be avoided in our charging protocols. Considering that the
energy of the charger is dissipated to the environment during
charging, the dynamics of the direct charging process can be
described by the Lindblad form master equation as [47]

d Pcb

T = ilgen(eb +c'b) + F (@™o e e, )

+ Ve [N(T) + 1Dc[pep] + yeN(T)Deilpen],  (2)

where D, [p] = xpx’ — {x"x, p}/2 denotes the dissipator, ¥,
is the rate of spontaneous emission, N(T) = 1/(e®/*T — 1)
represents the average photon number in mode w of the en-
vironment at temperature 7', k is the Boltzmann constant, and
A = wy — w, is the detuning between the laser field and the
charger. Let us assume that the battery and charger are in
resonance with w, = wp = .

For the direct charging protocol, the system Hamiltonian
can be rewritten as

H=0,ClCi +0_C'C_+ i(el‘wf"c+ +e et
V2
+ L(eiwftc_ + e*iwftci)’ (3)
V2

where C1 = \/%(c =+ b) represent the global supermode oper-
ators and wy = w £ g.. This equation shows that when the
frequency of the laser field is adjusted to w4, it will resonate
with the global modes C. of the battery charger, thereby
breaking through the charging limit of the quantum battery.

Inspired by the study of catalysts in quantum thermo-
dynamics [48-58], let us consider another charging process
assisted by catalysts, which we refer to as catalyst-assisted
charging. More specifically, we add a two-level quantum sys-
tem (catalysts) between the charger and the battery, resulting
in no direct interaction between them, as shown in Fig. 1(b).
In this case, the Hamiltonian of the whole system becomes

H=wc'c + wquq +wb'b+ gcq(ch +c'q)
+ gng(bq" +b'q) + F(“'c+e et (4)

where g4 (8sq) is the coupling strength between the charger
(battery) and the catalyst and ¢ = 1/2(oy + ioy) (q') repre-
sents the annihilation (creation) operator of the catalyst.

For the catalyst-assisted charging protocol, the system
Hamiltonian can be rewritten as

H=wCCy +oC C_ +w,q'q+8(Ciq" +Clg)
+ Fsin0(e/'Cy. + e7r'CT)
+ FcosO(e/'C_ + e r'Ch),

where the supermode operators C, = sinfc + cos6b and
C_ =cosfc — sin0b with sin0 = g.,/g, cos6 = gp,/g, and
g= g%q + giq. Even if the laser frequency is ws = w, the
laser field resonates with the global mode C_ of the charger-
battery system, enabling unlimited energy transfer without
relying on the energy splitting w, of the catalyst and the
coupling constant g., and g, [45]. For convenience, we also
set all frequencies to w. Considering the energy dissipation
of the charger and the catalyst, the dynamics of the charging
process is described by the master equation as

d Pcbq

== ilg(cq’ +c'q+bq" +b'q) + F(c + "), pey]

+ Y Vel IN(T) + 11Dxlpeng] + N(T) Dyt peng]},

x=c,q
&)

where g = x/g%q + g%q.
The energy stored in the battery state p,(¢) at time ¢ is given

by
Ey(t) = Tr[b bpy(1)]. ©)

We quantify the extractable work using ergotropy [22,59],
which represents the maximum energy that can be extracted
with any cyclic unitary transformation. Sorting the labels
of eigenstates of the b'b = Z‘,f:l €,l€n){€,] and pp(t) =
ZZZI Tul¥u) (ra| according to the rules of ¢, < €¢,4; and r,, >
ra+1, the optimal ergotropic transformation [22] can be de-
fined to map the battery state to the passive state p,(f) =

Zd rul€q) (€,4]. Then, the ergotropy is given by

n=1
We(t) = Ep(t) — E)(t), (N

where E,(1) = Tr[b*bp,,(t)]. The energy occupied by the cat-
alyst is E,(t) = Tr[q*q,oq(t)], where p,(t) is the state of the
catalyst. We refer to the energy in the catalyst as residual
energy, which is used to measure the performance of the
catalyst.

Quantum channel of the charging process. To simulate the
charging process, we transform the description of the process
in the master equation into an equivalent but more visualized
description as the quantum channel [60]. Since we are only
concerned about the performance of the QHOB and the impact
of catalysts on them, we only consider the dynamics of the
open quantum system without the charger, which we deal
with as an environment. Therefore, both charging processes
can be described by a quantum channel in the operator-sum
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representation as

a2
() = EL O] = Y Ko OK[ (1), (8)
n=1
where x = b (bg) represents the QHOB (QHOB and cat-
alyst) system for direct (catalyst-assisted) charging, K,(t)
is a time-dependent Kraus operator, and d denotes the
dimension of the whole system. Generally, the quantum chan-
nel & is trace preserving but not random unitary, that is
Zz; Tr[Kn(t)px(O)K; ()] = 1 and the Kraus operator K, (t)
is not proportional to any unitary operator.
To deterministically realize these channels, we propose
a general method, which uses an ancillary qubit initial-
ized in state |1). Let us denote the nonunitary operators as
K,(t) = anzl [m) (Y. m|, where |y, ,,) is the unnormalized
states whose normalized form is |V,.) = |Vum) /I ¥nm) .
The method iteratively does the following procedures for
n=1,...,d* Foreachn, iteratively implement B, ,,A, ,, for
m =d, ..., 1 and then measure the ancillary qubit in the basis
|0)(0|. Here, A,, ,, and B,, ,, are the ancilla-control-system and
system-control-ancilla operations as

An,m = |1><1| ® Cn,m + |O)(O| ® ]lda
By = Spm @ Im)(m| + 12 ® (1g — |m)(m]), )]

respectively, where S, = (FymOx — ta.mo;) With 1y, =

N m) | X Nl Ly and 2 =1 =77 Gy is @

n,m>
unitary operator that satisfies

(l/_,n,m |L;::m+1
R

where the operator L, , is defined as L,, =[1;— (1 —
ty.m)|m)y(m|1C, Ly w1 With L, 441 = 1,4 and the superscript
+ denotes the Moore-Penrose inverse [61]. Once the mea-
surement gives a positive outcome, the procedure is finished,
otherwise, the ancillary qubit collapses to state |1) and the
whole procedure moves to the next iteration with a larger n.
Specifically, when ancillary qubit collapses to state |0), the
transformation of the system can be expressed as

d
T =Y ramlm)(mComLnmit

m=1
— - "nm oLt L
= m2=:1 mvﬂ)(lﬁn,ﬂ n,m+1Ln,m+1
d
= m)(Ynml =K, (1)

Il
—_

m

This procedure will stop after iteration number n with
probability Tr[K,,px(O)KJ ] and leave the state being
K,px(0)K; /Tr[K,p,(0)K]. Since the channel is trace
preserving, this procedure must be stopped within d?
iterations. Thereby it is a deterministic procedure. Thus,
this method is general and can be used to implement an
arbitrary trace-preserving channel.

Experimental implementation. We experimentally simulate
the two charging processes with single photons and linear

optics as shown in Fig. 2(a). In our simulation, we truncate
the infinite-dimensional space of the QHO into a finite-
dimensional space [62,63]. In particular, we set the maximum
photon number as 3. Therefore, the truncated QHOB and
battery-catalyst systems are four- and eight-dimensional qu-
dits, respectively.

For the direct charging process, we encode the basis of the
four-dimensional qudit as |0) = |PiH),|1) = |PV),|2) =
|P,H), |3) = |P,V), where P; represents the ith spatial mode
and H (V) represents the horizontal (vertical) polarization
of the photons. Furthermore, the basis |1) (]0)) of the ancil-
lary qubit is encoded by the original (additional) two spatial
modes.

In our experiment, the initial state of the battery is prepared
in the ground state p,(0) = |0)(0| by heralded single photons
passing through a polarizing beam splitter (PBS). Then the
ancilla-control-system operator A,, ,, is realized by performing
the unitary operation C, ,, on the original spatial mode while
leaving the additional spatial mode unchanged. To realize the
system-control-ancilla operation B, ,, we split the original
spatial mode into the additional spatial mode and then perform
the unitary operation S, ,. More specifically, since only one
row of C, ,, is specified, its realization can be realized by two
beam displacers (BDs) and three half-wave plates (HWPs)
[64,65]. The operator S,,, is realized only by one HWP.
In principle, there are d? iterations to realize the channel
of charging. However, to reduce the error accumulated in
multiple experiments, we choose d’ iterations that realize the
channel p,(t) = ZZ'/=1 Kn/(t)pb(x)K;, (1), quite similar to the
ideal one as Tr[\/p;(1)/2 py(1)p,(1)"/?] > 0.99.

The measurement of the ancillary qubit in the basis |0) (0|
corresponds to finding the photons in these additional spatial
modes. In these modes, the state of the battery is constructed
via quantum state tomography [66]. More specifically, we
measure the photons in the basis {|P), |P1), |P+) = (|Py) +
[P))/V2, |P-) = (1P)) = ilP))/V2Y @ {IH), V), |+) =
(IH) + V)/2,|=) = (IH) = ilV))/v/2}  through  the
combination of wave plates (WPs), BD, and PBS, and then
estimate the density matrix via maximumlike estimation. The
outputs are recorded synchronously with the trigger photons.

The experiment for catalyst-assisted charging follows
a similar procedure for direct charging. We encode the
battery-catalyst system by eight-dimensional qudit as {|00) =
|PH), |10) = |PV), |20) = |PH), ..., |31) = |P4V)}. The
initial state of the battery-catalyst system is prepared in the
ground state by a PBS. At the arbitrary time ¢, the state of the
battery p,(t) is obtained by discarding the catalyst system and
performing two-qubit tomography. Furthermore, the residual
energy of the catalyst, which corresponds to measurement
[1)(1], can be obtained by directly measuring the probability
of the last four bases among all the basis.

Experimental results. To evaluate the performance of the
QHOB, we have measured the stored energy and ergotropy
during its charging process. As shown in Fig. 3(a), when
the frequency of the laser field is straightforwardly chosen
to be in resonance with both the charger and the battery,
the stored energy has limitations for the environment of both
zero temperature N (7' ) = 0 and nonzero temperature N(T') =
1. Interestingly, the energy storage in the zero-temperature
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FIG. 2. Experimental setup for simulating (a) direct charging process and (b) catalyst-assisted charging process. A pair of photons are
created via spontaneous parametric down-conversion, with one serving as a trigger and the other as a single photon. The ground state of the
qudit is prepared by a PBS. Then the photons go through the optical network composed of WPs and BDs to realize the quantum channel of
charging. Finally, measurements of the system are performed on the additional modes corresponding to the ancillary qubit at state |0). The

signal photon is detected by avalanche photodiodes, and in typical measurements, there are a maximum of 10* photon counts over 2 s.

environment is always smaller than that in the nonzero-
temperature environment, and the maximum values of the
two are 0.812 £ 0.007 and 0.984 + 0.009, respectively. At the
time ¢ = 100, the stored energy of the former even reached
0.209 £+ 0.003 times that of the latter. This phenomenon is
a bit abnormal because intuitively, the performance at zero
temperature should be better. However, the benefit of zero
temperature is evident in the ergotropy, which is consistently
higher at zero temperature compared to nonzero temperatures,
as shown in Fig. 3(a). As a result, at the end of charging,
the ratio of effective n = W, /E, = 0.917 £ 0.017 is higher at
zero temperature compared to nonzero temperatures. Specif-
ically, for the zero-temperature environment, the ergotropy is
almost equal to the stored energy, while the ergotropy does not
increase as the maximum stored energy for a nonzero temper-
ature of environment. This is because the charging process of
the battery at zero temperature is a unitary dynamics [67], so
the energy stored in the battery can be completely extracted in
the form of work [68].

It should be noted that the limitations on stored energy
mentioned above arise from the disparity between the fre-
quency of the charger-battery system and the frequencies of
both the charger and battery, which is a result of the interaction
between the battery and charger. To improve the stored energy,

we adjust the frequency of the laser field to resonance with the
global charger-battery system as wy = @ — gc. As shown in
Fig. 3(b), both the stored energy and ergotropy of the battery
have been significantly improved. It is to be noted that the
ergotropy for the nonzero-temperature environment is lower
than that for the zero-temperature environment, which is equal
in principle. The difference here is due to the truncation of
harmonic oscillator [68].

Although the stored energy can be increased by optimizing
the laser frequency, it is required to probe the coupling con-
stant between the charger and the battery. This requirement
can be released by the catalyst-assisted charging process. As
shown in Fig. 3(c), the performances of the catalyst-assisted
charging protocol are similar to that of the direct charging with
the optimized frequency of the external field. For example,
both the stored energy and ergotropy for zero temperature
are improved to 1.092 +0.011 and 0.872 4 0.013, respec-
tively. In addition, we test the performance of the catalyst
by measuring the residual energy in the catalyst, which is
the probability of occupying its excited state. At the end of
the charging process with ¢ = 25, the residual energy of the
catalyst is 0.130 & 0.003, which is quite small compared to
both the stored energy and ergotropy.

Introducing an ancillary system will bring extra sources
of noise, a typical example being the dissipation of catalyst.
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FIG. 3. Experimental results of energy and work for a QHOB performing two charging protocols at different temperatures. In the direct

charging protocol, the stored energy E, and ergotropy W, of the QHOB for (a) w; = 1 and (b) @y = 0.8. In the catalyst-assisted charging
protocol, the stored energy E, and ergotropy W, of the QHOB and the residual energy E, of the catalyst for (c) y, =0 and w; =1 and
(d) ¥, =0.05 and w; = 1. Solid lines represent theoretical values and dots represent experimental values. The parameters for all panels are
w.=wp =1,8cp = 8geg = 8bqg = 0.2, F = 0.1, . = 0.05. Error bars (smaller than the symbols) show statistical uncertainty from Monte Carlo
simulations assuming Poissonian photon-counting statistics.
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As shown in Fig. 3(d), when energy is dissipated from the
catalyst to the environment with rate y, = 0.05, the maximum
energy storage and ergotropy of the battery become 1.078 +
0.009 and 0.865 + 0.014, respectively. At the end of charging,
the energy remaining in the catalyst is 0.105 £ 0.003. Since
the energy of the catalyst is negligible, the dissipation of the
catalyst does not have a significant effect on the performance
of the battery [68].

Conclusion and discussion. In this Letter, we report ex-
perimental simulations of charging a QHOB in single-photon
interferometric networks. Our experiment shows that when
directly choosing the resonance frequency, there is an upper
limit to the stored energy of the QHOB, which also results in
an upper limit to the ergotropy. Furthermore, we demonstrate
that these limitations can be broken by either optimizing the
frequency of the laser field or introducing a catalyst system.
Both methods significantly increase both stored energy and
ergotropy of the QHOB without the requirement of choosing a
specific charging time. In contrast, the catalyst-assisted charg-
ing protocol is more convenient since it does not require ad-
ditional probing of the coupling constant between the charger
and the battery. We have considered extending this method
to the situation where multiple batteries are charged simul-
taneously, indicating that the advantages of catalysts are even
more obvious [68]. Our experiment shows that there is no need
to worry about the dissipation of the introduced catalysts, as
it does not have a significant impact on the charging process.

Furthermore, from the viewpoint of experimental inno-
vation, we design a general method for the realization of

arbitrary nonunitary evolutions and the deterministic realiza-
tions of trace-preserving but not random unitary channels
to characterize the evolution of the master equation. Our
work is an experimental demonstration of the trace-preserving
nonunitary quantum channel in a deterministic and general
way, as well as an experimental demonstration of unlimited
energy storage. The implementation method of the channel
is universal and can be extended to arbitrary trace-preserving
channels. Our experimental approach can be used to simulate
a wider variety of quantum battery models.

Our results provide a convenient way to fully exploit the
most significant advantage of the QHOB which is the ability
to store unlimited energy. In contrast, for traditional batteries
composed of two-level systems, it is needed to increase the
number of two-level systems and exploit collective quantum
resources [39]. In addition, the QHOB has another advantage
in that the initial state of the whole system can be easily
prepared in the ground state, thus eliminating the need for
the initial quantum coherence of the charger [42]. Our work
sheds light on the application of this advanced QB and paves
different avenues for further research on QBs.
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