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Dissipation is vital to any cyclic process in realistic systems. Recent research focus on nonequilibrium
processes in stochastic systems has revealed a fundamental trade-off, called dissipation-time uncertainty
relation, that entropy production rate associated with dissipation bounds the evolution pace of physical
processes [Phys. Rev. Lett. 125, 120604 (2020)]. Following the dissipative two-level model exemplified in
the same Letter, we experimentally verify this fundamental trade-off in a single trapped ultracold 40Caþ ion
using elaborately designed dissipative channels, along with a postprocessing method developed in the data
analysis, to build the effective nonequilibrium stochastic evolutions for the energy transfer between two
heat baths mediated by a qubit. Since the dissipation-time uncertainty relation imposes a constraint on the
quantum speed regarding entropy flux, our observation provides the first experimental evidence confirming
such a speed restriction from thermodynamics on quantum operations due to dissipation, which helps us
further understand the role of thermodynamical characteristics played in quantum information processing.
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Since any realistic system is subject to the coupling to an
uncontrollable environment, the irreversibility of state evo-
lution is overwhelming in quantum operations [1–3]. In this
context, dissipation is essential to any physical process,
which initializes the system, sometimes helps for accelerat-
ing state evolution, and also affects measurement precision.
On the other hand, to keep quantum properties, people are
required to work fast in quantum systems for suppressing
detrimental influence from dissipation and/or decoherence,
indicating that nonequilibrium dynamics dominates quan-
tum processes [4]. However, how fast the quantum oper-
ations can be performed is not fully determined by quantum
technical efforts, but is also constrained by something
beyond quantumness [5–7]. In fact, the nonequilibrium
processes in thermodynamics have drawn much attention
over the past decades [8–12]. In particular, due to rapid
progress in quantum technology, understanding the non-
equilibrium thermodynamic process at the quantum level
has recently become a hot topic [13–18]. Extended to the
quantum regime, most thermodynamic quantities should be
retraced, and thus most restrictions of the original thermo-
dynamics have to be reformulated [19–27].
The present Letter concentrates on nonequilibrium

thermodynamic processes in the quantum regime, which
are strongly constrained by dissipation. We have already
noticed some thermodynamic uncertainty relations

proposed recently [28–41], indicating that precision in
nonequilibrium dynamics is intrinsically constrained by
dissipation or measurements. Actually, the similar thermo-
dynamic limitation also exits for quantum speed, as
discovered very recently [42], by a dissipation-time uncer-
tainty relation, imposing an upper bound on quantum speed
regarding any stochastic dynamics.
Here we report our verification of this dissipation-time

uncertainty relation at atomic level via experimental manipu-
lation of a trapped-ion system, which basically follows the
dissipative two-level model exemplified in [42]. Although
the uncertainty relation applies to both classical and quantum
systems, our verification using a single-ion quantum system
is based on following considerations. First, quantum proc-
esses are more fundamental than classical counterparts in
physical transformations and evolutions. Second, the
trapped-ion system can be controlled in high precision,
which provides an ideal platform to explore quantum
dynamics with ultimate accuracy. As a result, besides a
creditable test of this fundamental trade-off, our experimen-
tal execution would also be helpful for further understanding
thermodynamic characteristics in the quantum regime.
To demonstrate the required stochastic trajectories of

thermodynamic processes, we first construct an effective
energy transfer between two heat baths mediated through a
qubit by elaborately designing four dissipative channels in
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the ultracold trapped ion. Then we develop a discretization-
repetition ensemble average method for postprocessing
data, which could effectively deal with some intractable
difficulties in our experimental implementation, such as the
successive detection of single photon dissipation and the
unexpected population leakage in the dissipative channels.
As such, our execution, actually based on an effective two-
level model involving controllable drive and dissipation as
elucidated below, could be perfectly precise, which ensures
a reliable evidence in our test of the new trade-off at the
most fundamental level.
Before specifying our experimental scheme and system,

we first elucidate briefly the theory of the dissipation-
time uncertainty relation proposed in [42]. Consider a
process that describes an observable O to first pass a given
threshold D within a specific duration t [43–45]. Because
of the fluctuation in the nonequilibrium dynamic process,
stochastic trajectories of the process may pass the threshold
or not within the duration. Here we define the survival
probability of the process by psðtÞ ≔ Pðτ > tÞ, represent-
ing the probability of the trajectory’s first passage time τ
longer than t [46]. By this definition, the instantaneous rate
of the process is defined as rðtÞ ≔ − _psðtÞ=psðtÞ and the
corresponding time-averaged rate is r̄ðtÞ ≔ ð1=tÞ R t

0 rðt0Þdt0
[47]. Provided that the time reversed process is exponen-
tially rare, implying negligible entropy production rate
in the reverse process, the entropy flux of the stationary
dynamics primarily comes from the entropy flux _Se in the
heat baths [48,49]. As such, the entropy flux sets an upper
bound on the time-averaged rate, i.e.,

_Se=kB ≥ r̄ðtÞ; ð1Þ

where kB is the Boltzmann constant. When the mean time to
accomplish the process is finite, i.e., T ≔

R∞
0 psðtÞdt<∞

[46], the entropy flux and mean time of the process obey the
following dissipation-time uncertainty relation [42]:

_SeT ≥ kB; ð2Þ

which imposes a thermodynamic restriction for nonequili-
brium processes; i.e., for a nonequilibrium process within a
given time T , the system has to dissipate at least kB=T
entropy flux to the reservoir [50].
To test this newly discovered fundamental trade-off in

Eq. (2), we consider a quantummodel involving a two-level
system coupled to two heat baths with the energy transfer
from the hot bath to the cold bath mediated by the two-level
system. The transfer rates associated with different baths
and states are given by ων

i→j ¼ e−βνðϵj−ϵiÞ=2 (i; j ¼ e, g,
and ν ¼ h; c) with the energy difference ϵ ¼ ϵe − ϵg and
βc > βh. In this context, the energy flow from the
hot bath to the cold bath within a fixed time δ can be
expressed as [51]

O ¼ ϵ

Z
δ

0

dt0
�
dNc

e→g

dt0
−
dNc

g→e

dt0

�

; D ∈ ½E;þ∞Þ; ð3Þ

where the Poisson process dNν
i→j represents the Markovian

jumps between these two states with the rate wν
i→j, E is

an activation energy [52], and δ is the timescale over
which the activation energy is dissipated [42]. Then, the
entropy flow can be analytically solved as _Se ¼ kBϵðβh −
βcÞðeβhϵ=2 − eβcϵ=2Þ=½1þ eðβhþβcÞϵ=2� [42,51].
Our experiment is carried out in the single 40Caþ ion

confined in a linear Paul trap with axial frequency ωz=2π ¼
1.1 MHz and radial frequency ωr=2π ¼ 1.6 MHz [19]. By
applying a magnetic field of approximately 3.4 G along the
axial direction, we define a quantization axis with the
final average phonon number n̄ < 1 after sideband cooling.
The two-level system is encoded in the two sublevels of the
ground state, i.e., j42S1=2; mJ ¼ −1=2i (labeled as jgi) and
j42S1=2; mJ ¼ þ1=2i (labeled as jei) with mJ denoting the
magnetic quantum number. Because of lack of the neces-
sary decay paths required to construct the energy transfer
processes induced by the two heat baths, we introduce
two extra energy levels, i.e., the sublevels of the metastable
state j32D5=2i and the excited state j42P3=2i, as sketched in
Fig. 1, to produce the effective dissipative channels,
where the details can be found in the Supplemental
Material [51]. To create valid dissipative channels, the
coherent processes need to be suppressed. In this case, we
have analytically solved the effective decay rates in the
four-level system [51],

γci ¼
Ω2

i1Γi

Ω2
i2

; γhk ¼
Ω2

k1Γk1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω4

k2 þ 5Ω2
k1Γ2

k2

q ; ð4Þ

with subscripts i ¼ 1, 2 and k ¼ 3, 4, and the superscript
c (h) denoting the cold (hot) heat bath. Here γc1;2 (γh3;4)
represents γce→g;g→e (γhe→g;g→e) in Fig. 1.
The experimental results for these dissipative channels

are presented in Fig. 2, where the effective decay rates in
different dissipative channels fully cover the necessary
condition γce→g > γhe→g > γhg→e > γcg→e. Meanwhile, the
experimental results also well satisfy the analytical solution
of the effective decay rates as predicted by Eq. (4). To
connect the transfer rates with the decay rates of the
four dissipative channels, we assume γce→g ¼ Rcω

c
e→g,

γcg→e ¼ Rcω
c
g→e, γhe→g ¼ Rhω

h
e→g, and γhg→e ¼ Rhω

h
g→e,

where Rc;h ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γc;he→gγ

c;h
g→e

q
represents the proportionality

coefficients for cold and hot heat baths. In the equilibrium
system balanced by the cold and hot heat baths, Rc ¼ Rh
should be satisfied. The decay rates observed in Fig. 2,
however, do not strictly meet the proportionality condition,
which have the deviation of D ¼ jγce→gγ

c
g→e − γhe→gγ

h
g→ej.

Based on the condition D < 1, we choose the appropriate
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parameter groups of γc;he→g and γc;hg→e, and obtain 20 param-
eter groups using the accessible decay rates in Fig. 2. For
our purpose, we exemplify the four groups listed in Table I
to verify the dissipation-time uncertainty relation, as
elucidated later.
To verify Eq. (2), however, we have to construct and then

observe the required stochastic trajectories experimentally,
which is challenging in our system. First, the four dis-
sipative channels are constructed by the same four levels,
which makes it unavailable that all the channels are
independent and work simultaneously as required by
Eq. (2). Second, there are population leakages in each of
the designed dissipative channels [51], yielding the system
to be unavailable for long-time evolution. Third, continu-
ous observation of single-photon dissipation regarding each

of the four channels, which is different from the electronic
shelving-amplification measurement, is unavailable by the
fluorescence collection in the ion-trap system.
To deal with these problems, we have developed a

postprocessing method, based on the quantum jump theory
[53], to produce stochastic evolution trajectories in data
analysis, which can be called the discretization-repetition
ensemble average method. We split the whole duration of
evolution into n pieces, where no serious leakage occurs
within the time period τ of each piece. By this way, we may
employ Eq. (3) to quantify the energy transfer in each of
these time durations, and then connect the durations,
depending on certain random numbers, to construct a
stochastic evolution trajectory over the time period nτ.
Under the assumption that the stochastic processes are
independent of each other, we can acquire an equilibrium
process by averaging all the possible evolutions.
For our purpose, we first have to compensate the loss

due to population leakage (ε) and imperfect initial state
preparation (ξ), which yields the modified probability
P̃t ¼ ðPt − εÞ=ð1 − ξ − εÞ, where Pt is acquired from the
experimentally observed dataset of f0; 1g, and ε and ξ are
given based on experimental observation, see details in the
Supplemental Material [51]. With the renewed probability
P̃t, we may update the original experimental dataset by
randomly substituting ðP̃τ − PτÞN zero by one, where N
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FIG. 2. Decay rates in different dissipative channels constructed
in the trapped 40Caþ ion, where the black solid (orange dashed)
line indicates the analytical solutions of the channels with the
single(double)-decay processes in Eq. (4), and the experimental
data are represented by blue dots, red circles, magenta diamonds,
and green squares corresponding to the dissipative channels ①, ②,
③, and ④, respectively. Here the experimental data are measured
with 4000 repetitions and the parameter in the horizontal axis is
defined as R=104 ¼ Ω2

k1=Ω2
k2 with k denoting the kth channel.

→

(a) (b)

FIG. 1. Level schemes constructed for an effective two-level system in contact with two heat baths in the trapped 40Caþ ion. (a) Levels
constructed for the dissipative channels regarding cold heat bath. (b) Levels constructed for the dissipative channels regarding hot heat
bath. Each dissipative channel is constructed by two heterochromatic lasers with the wavelengths of 729 and 854 nm, respectively, where
the Rabi frequency Ωn1 (Ωn2), with n ¼ 1, 2, 3, and 4, represents the resonant coupling of a sublevel of the ground state (metastable
state) to a sublevel of the metastable state (excited state), and the decay of the excited state to the ground state accomplishes the effective
procedure of the dissipative channel. Here, we set Ωn2 ≫ Ωn1 to guarantee the steady dissipative process, and the lifetime of the excited
state is 6.9 ns; i.e., the decay rate Γ=2π ¼ 23.1 MHz, while the metastable state has a negligible decay rate due to 1.2 s lifetime.

TABLE I. Four typical decay groups for the accessible decay
rates in units of kilohertz regarding the dissipative channels
constructed in Fig. 1, with 1=βc;h in units of ϵ ¼ 9.5 MHz.

Group γce→g γcg→e γhe→g γhg→e βc βh

I 32.3(12) 23.3(7) 28.7(17) 26.2(9) 0.33(5) 0.09(7)
II 46.8(17) 9.7(3) 25.7(9) 17.7(8) 1.57(5) 0.37(6)
III 51.2(38) 6.9(2) 31(17) 11.4(4) 2.00(8) 1.00(6)
IV 41.2(13) 14.1(7) 35.9(17) 16.2(7) 1.07(6) 0.79(6)
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represents the total number of the data in this set. Then for
each time piece, we consider τ ¼ 5 μs in terms of our
experimental condition. For a certain trajectory, for instance,
if the initial state of the first time piece is prepared
in jei, the evolution along channel ① or ③ depends on a
stochastic number in the interval [0, 1]. If the stochastic
number is larger than 0.5, we choose the evolution along
channel ①, where the experimental data are randomly chosen

from the dataset of channel ① at the moment of 5 μs.
Otherwise, the state evolves along channel ③. The second
time piece gets started from the final state of the first
counterpart with the evolution depending on another random
number. The evolutions run similarly in succession for the rest
of the pieces, as exemplified in Fig. 3(a). Finally, in terms
of the population probability in the equilibrium state, we
randomize jgi or jei as the starting point of a trajectory.
Averaging on large numbers of such trajectories, the equi-
librium process can be obtained, see Fig. 3(b). Based on the
treatments above, we have built the required stochastic
evolution trajectories, where the employed random numbers
regarding the trajectories represent the record of the single
photon dissipation [see the inset of Fig. 4(a)]. As such, we
directly obtain the energy flow as presented in Fig. 3(c).
Figure 4(a) demonstrates the survival probabilities of

the processes with approximately exponential decays with
respect to the evolution time, indicating negligible reverse
processes. The influence from larger activation energy is
reflected in the less steep survival probability curve,
implying that more reverse processes are involved (par-
ticularly in the initial duration) and thus the energy transfer
takes a longer time. Moreover, the time-averaged rate of the
process presented in Fig. 4(b) is bounded by the entropy
flux of the heat baths regarding the stationary dynamics,
i.e., the bound in Eq. (1). In Fig. 4(b), we may see the
violation of the bound at the initial part of the process,
regarding the nonstationary dynamics, which does not
invalidate Eq. (1) (more results can be found in the
Supplemental Material [51]). Actually, considering the
process with infinite time duration, we have witnessed in
Fig. 5, with the four data groups acquired from Table I,
that the entropy flux and the mean time of the process
obey the dissipation-time uncertainty relation as quantified
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FIG. 3. (a) Two exemplified stochastic trajectories of the
dissipative processes, started from jgi (blue line) or jei (red
line), obtained by the discretization-repetition ensemble average
method. (b) Population in state jei in the equilibrium process
obtained by the ensemble average of 500 stochastic trajectories,
where the dashed line indicates the analytical solution. (c) Energy
flow in a single stochastic trajectory of the process, where a
duration of 4 ms is amplified for scrutinizing the details. The
experimental parameters are selected from group I of Table I. The
ensemble case of the energy flow with evident characteristic
that the time reversed process is rare can be found in Fig. S12 in
the Supplemental Material [51].
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FIG. 4. (a) Time evolution of the survival probabilities psðtÞ of the process trajectories associated with different activation energies.
Inset: the energy transfer in a stochastic trajectory for four different types of Markovian jumps induced by the cold and hot heat baths.
(b) Time-averaged rate r̄ðtÞ of the energy transfer process for different activation energies, where the green dashed line denotes the
entropy flux of the stationary dynamics. Inset: the instantaneous rate rðtÞ for an activation energy E ¼ ϵ, obtained by the survival
probability, shows the stochastic entropy flux, and the small imbalance between the positive and negative directions at the initial period
also illustrates the nonequilibrium property of the process with the predominant positive process. (a),(b) The black, red, and blue curves
correspond to E ¼ ϵ; 2ϵ, and 3ϵ, respectively, where the shaded area indicates the uncertainty of the date due to errors. Here, we choose
the experimental values of the dissipative channels from group I of Table I.
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by Eq. (2). In particular, the data overlapping of groups I
and IV indicates the tiny difference between their param-
eters βc;h, which leads to saturating the lower bound due to
very little entropy flow and time-average rate in these
nearly equilibrium processes.
In summary, our experiment has provided the first single-

atom evidence confirming the lower bound of entropy
flux and process duration in the dissipative processes of
stochastic systems. The developed postprocessing method
in the data analysis would be useful in ion-trap systems for
experimentally simulating more complicated nonequili-
brium processes. We believe that our experimental verifi-
cation at the atomic level will definitely be helpful for
further understanding thermodynamic characteristics in the
quantum regime, particularly when faster operations are
expected in quantum information processing.
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