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We experimentally demonstrate the quantum anti-Zeno effect in a two-level system based on a single trapped ion
40Ca+. In the large detuning regime, we show that the transfer from the ground state to the excited state can be remarkably
enhanced by the inserted projection measurements. The inserted measurements in our experiment are realized by the
electron shelving technique. Compared to the ideal projection measurement, which makes the quantum state collapse
instantaneously, a practical electron shelving process needs a finite time duration. The minimum time for this collapse
process is shown to be inversely proportional to the square of the coupling strength between the measurement laser and the
system.
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1. Introduction
The quantum Zeno effect (QZE), which is named after the

Greek philosopher Zeno who proposed the well-known arrows
paradox,[1] predicts that coherent evolution from any initial
quantum state can be slowed down by measuring the system
frequently enough.[2–7] On the contrary, if the measurements
are not frequent enough, the temporal evolution can some-
times be enhanced. This enhancement is known as the quan-
tum anti-Zeno effect (QAZE) or inverse Zeno effect.[8–11] For
both the QZE and QAZE, the initial state should be an eigen-
vector of the measurement operator. QZE and QAZE have
attracted widespread interests both theoretically and experi-
mentally due to their relevance to the foundations of quantum
mechanics (e.g., quantum measurement[12–14]) as well as pos-
sible applications in quantum technologies. To date, they have
been investigated in different physical systems, such as the
localized atomic system,[15] superconducting current-biased
Josephson junction,[16] nanomechanical oscillator,[17] and dis-
ordered spin system.[18] In the trapped ion system, the inter-
esting QZE has already been realized by Itano et al.,[2] while
the equally fascinating QAZE has not been demonstrated yet.
Except for the realizations of the QAZE and QZE, the transi-
tion from QZE to QAZE,[19–22] as well as the QZE and QAZE
subjected to pure dephasing with an initial equal-weight super-
position state,[20–22] has also attracted widespread attention.

Theoretically, in the conventional explorations for the
QZE as well as QAZE, the von Neumann’s projection pos-

tulate is assumed. However, as the dynamical QZE, in
which no instantaneous projection measurement is involved, is
proposed,[11,23,24] and then experimentally realized,[25] some
researchers now believe that the projection postulate in the
QAZE and QZE is not necessary, and the real measurements
that need a duration of time in real-world systems (e.g. the
trapped ion system) can also lead to the QZE and QAZE. Thus
an interesting question arises, what will happen if the measure-
ment is imperfect?

In this paper, we investigate the QAZE with a single
trapped ion 40Ca+. Firstly, we briefly review the QAZE the-
ory in section 2. Then in section 3, we give the proposal for
the QAZE with a trapped ion and introduce the practical col-
lapse measurement, which is realized by the electron shelving
technique[26,27] in our experiment. In section 4, we first obtain
the minimum time that the inserted collapse measurement pro-
cess needs by numerically fitting the experimental data. Then,
we realize the QAZE by setting the collapse measurement time
as 8 µs, and find the oscillating result when the measurement
time is less than 8 µs.

2. Theoretical model
The theoretical model investigated in this paper resem-

bles that proposed in Ref. [8]. In Alfredo’s theory, the system
is assumed to have a level structure shown in Fig. 1(a). |1⟩ and
|2⟩ are the ground and metastable excited states, respectively.
They are coupled by a radiation field with coupling constant

*Project supported by the National Basic Research Program of China (Grant No. 2016YFA0301903), the National Natural Science Foundation of China (Grant
Nos. 11174370, 11304387, 61632021, 11305262, 11574398, and N 61205108), and the Research Plan Project of National University of Defense Technology,
China (Grant No. ZK16-03-04).

†These authors contributed equally to this paper.
‡Corresponding author. E-mail: cwwu@nudt.edu.cn
§Corresponding author. E-mail: pxchen@nudt.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

090305-1

http://dx.doi.org/10.1088/1674-1056/27/9/090305
mailto:These authors contributed equally to this paper.
mailto:cwwu@nudt.edu.cn
mailto:pxchen@nudt.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 27, No. 9 (2018) 090305

Ω1 and detuning δ1. The Hamiltonian of the system in inter-
action picture has the form (h̄ = 1)

HI =−δ1|2⟩⟨2|+
Ω1

2
(|1⟩⟨2|+ |2⟩⟨1|). (1)

If the system is in state |1⟩ initially, the probability of the sys-
tem in state |2⟩ at t1 is

P2(t1) =
1

m2 +1
sin2(Ω ′

1t1/2), (2)

where Ω ′
1 =

√
Ω 2

1 +δ 2
1 and m = δ1/Ω1. This is simply the

Rabi oscillation of the system, as shown in Fig. 1(b) with the
sine-type curves. It can be concluded that when |m| is large
enough, the system always stays in the state |1⟩.
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Fig. 1. (color online) (a) Scheme of a two-level system driven by a ra-
diation field. (b) Graphs of the theoretical QAZE. The sine-type curves
show the evolution of probability P2 in the non-measurement case with
varied |m| = 2,3,5, while the lines with special marks denote P2 when
there are measurements, respectively. Note that the measurements can
enhance the transition |1⟩→ |2⟩ to an upper bound of 0.5 (black dashed
line).

If n projection measurements performed in the basis
{|1⟩, |2⟩} are inserted at time kt1/n, (k = 1, . . . ,n), and the
measurements are assumed to be instantaneous and ideal,
these measurements will cause collapses of the wavefunction
to the initial state |1⟩. The occupation probability of the state
|2⟩ can be written as[8]

P2(nτ) =
1
2
− 1

2

[
1− 2

m2 +1
sin2(Ω ′

1τ/2)
]n

, (3)

where τ = t1/n is the interval between two adjacent projection
measurements. And the measurement interval that separates
the QZE regime and QAZE regime is τ0 = 2

nΩ 2
1

ln(1 + 1
m2 ).

For the QZE, τ < τ0, while for the QAZE, τ > τ0. Note that
the survival probability (SP) P1(t) = 1 − P2(t) that the sys-
tem is still in its initial state |1⟩ does not meet the assump-
tion P1(nτ) = [P1(τ)]

n in most studies,[20,21] the result of each
measurement should be considered in our research.

Under the condition |m| > 1, equation (3) indicates that
the probability of state |2⟩ increases monotonically toward 0.5
as n goes to infinity with a certain τ , while in the case of
no measurements, P2 is less than 0.5. The lines with special
marks in Fig. 1(b) show the results of Eq. (3), and we have
set τ = tπ = π/Ω ′

1 for simplicity. Comparing the results of re-
peated measurements (lines with marks) and no measurements
(sine-type curves), we find that when the measurements exist,
the transition |1⟩ → |2⟩ can be enhanced. This is the so-called
QAZE, and the conditions are |m|> 1 as well as τ > τ0.

3. Experimental proposal
In this section, a proposal for realizing the model in sec-

tion 2 with a single trapped 40Ca+ ion is discussed. Fig-
ure 2(a) shows the relevant levels and transitions of a trapped
ion 40Ca+. The coherent-evolution-related states |1⟩ and |2⟩
in Fig. 1(a) are defined by the Zeeman sublevels 42S1/2(m j =

−1/2) and 32D5/2(m j = −5/2), respectively. They are cou-
pled by the electric quadrupole transition 42S1/2 ↔ 32D5/2 at
729 nm. 32D5/2(m j =−5/2) is a component of the metastable
D-orbital that has a long lifetime 1.17 s, so that its spontaneous
emission is negligible. 42P1/2(m j =±1/2) are two short-lived
Zeeman levels with lifetime 7.1 ns. They are ideal levels that
we can make use of to realize the measurement, i.e., the elec-
tron shelving technique[26,27] in trapped ion system, by cou-
pling to 42S1/2(m j = ±1/2) levels with a linearly polarized
397-nm laser.

Next we introduce the complete control sequence in our
experiment. As shown in Fig. 2(b), the state initialization step
is applied first. After that, the trapped ion is prepared in state
|1⟩. Next is the repeated n cycles of coherent evolution and
collapse measurement. In the coherent evolution stages, the
729-nm beam that couples the states |1⟩ and |2⟩ turns on for
time τ , during which the evolution that the system undergoes
is governed by equation (1). The repeated collapse measure-
ments realized by the electron shelving technique are applied
for time t2 to project the ion state to |1⟩ or |2⟩. Note that
the ion may stay in level 42S1/2(m j = 1/2) after a collapse
measurement, an additional optical pumping process by left-
circularly polarized 397-nm laser is needed to drive the ion
back to state |1⟩. Finally, a state detection process is applied
to distinguish the final state of the system. Here, both the col-
lapse measurement inserted in the coherent manipulation and
the final state detection processes are realized by a linearly
polarized 397 nm laser. The difference is that the final state
detection lasts much longer than the collapse measurements.
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The main reason is that in the collapse measurement stages,
we only need to prompt the state collapse, or in other words,
to reset all the nondiagonal elements of the density matrix to
zero, while in the state detection stage, more time is required
to collect enough flourescence photons for an efficient state
readout.
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Fig. 2. (a) Diagram of the Zeeman sublevels used in coherent evolution
and measurement. The m j represents the magnetic quantum number
that corresponds to the Zeeman sublevel. The states labeled |1⟩ and |2⟩
correspond to those in Fig. 1, and the spontaneous decay from |2⟩ to |1⟩
is negligible. (b) Control sequence in our experiment.

4. Experimental results
In our experiment, the 40Ca+ ion is trapped in a blade Paul

trap[28] which is operated at 13.3 MHz and the secular fre-
quencies are 1.6 MHz and 1.0 MHz for radial and axial direc-
tions, respectively. In order to drive the |1⟩ ↔ |2⟩ quadrupole
transition, we use a semiconductor laser at 729 nm. This laser
source is locked to a high fineness ultra-stable cavity by the
Pound–Drever–Hall (PDH) method, and the linewidth is about
20 Hz. The repeated collapse measurement is achieved by ap-
plying stabilized semiconductor lasers at 397 nm. It is locked
to the transfer cavity which is referred to the ultra-stable 729-
nm laser. Laser beams used in the experiment are switched
by the acousto-optic modulator (AOM), which has a rise or
fall time of about 25 ns and on-to-off ratio of about 35 dB.
Lasers at 729 nm and 397 nm are controlled by the cascade of
two AOMs in order to avoid a light leak. For the final state
detection, a photomultiplier tube (PMT) is used to collect the
397-nm spontaneous radiation emitted from the ion.

Our experiment is based on the control sequence shown
in Fig. 2(b). It starts by trapping an ion in the trap, followed
by a state initialization stage including Doppler cooling, op-
tical pumping, and sideband cooling.[29] After this stage, the
ion is prepared on state |1⟩ with a probability larger than 97%.

The mean number of motional phonons is about 0.05, and the
heating rate is 0.005 phonons/ms for the axial mode. Then
the coherent evolution, collapse measurement, and final state
detection processes are carried out sequentially. In our exper-
iment, the drift of the magnetic field is the main obstacle to
obtain a longer coherence time. So the timings of the repeated
sequences are synchronized to the phase of the power line in
order to avoid line-broadening of the ionic energy states due
to magnetic field fluctuations at 50 Hz. We measure the coher-
ence time of this system by scanning the interval between two
π/2 pulses of 729-nm laser, and fitting the excitation state pop-
ulations with a damped cosine curve, which indicates about
400 µs coherence time. Note that in order to avoid sideband
transitions, the detuning of the 729-nm laser is set as δ1 < 0.

To realize the QAZE, we first investigate the minimum t2
(labeled as tm

2 below) that a single collapse measurement needs
to act as an equivalent ideal projection measurement in our
experiment. In the collapse measurement process, the phase
terms u and v (u = ρ12 + ρ21, v = (ρ12 − ρ21)/i, where ρ12

and ρ21 are the nondiagonal elements of the density matrix
describing the ion state spanned by |1⟩, |2⟩) of the Bloch vec-
tor damp with the attenuation rate |γ| = Γ Ω 2/(2Γ 2 + 8δ 2

1 −
16δ1δ +8δ 2),[30] where Ω and δ represent the Rabi frequency
and detuning of the 397-nm laser. So we can theoretically cal-
culate the magnitudes of tm

2 by 1/|γ|. In particular, |γ| is deter-
mined by the laser detunings, the decay rate Γ of level 42P1/2,
and the coupling strength Ω between the linearly polarized
laser at 397 nm and the system. However, in our experiment,
Ω is unknown and also difficult to measure. In fact, we can-
not obtain it by extracting the periodicity information of the
Rabi oscillation, because the high decay rate Γ leads to a rapid
damping of the oscillation curve. Here, we give an alternative
approach to find tm

2 experimentally. The basic idea is that, if
the measurement time t2 is greater than tm

2 , the collapse mea-
surement process can be treated as an ideal projection mea-
surement, thus the excited state probability P2 measured in the
final state detection stage of the experimental sequence should
be equal or close to the theoretical result Pth

2 calculated with
Eq. (3). Otherwise, if the measurement time t2 is less than tm

2 ,
there may be a big difference between the experimental exper-
imental result P2 and the theoretical one. Therefore tm

2 can be
obtained by comparing the experimental probability P2 with
the theoretical prediction Pth

2 . In particular, this approach can
also be used to verify the theoretical model in Ref. [30], and
to obtain the magnitude of Ω by fitting the experimental data
based on the model. To implement this approach, we repeat
the experimental sequence in Fig. 2(b) with various t2, keep-
ing other parameters fixed, and measure the final probability
P2, as shown in Fig. 3.

The solid circles in Fig. 3 are the experimental results
depicting the probability P2 for various t2 with different pa-
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rameter settings as shown in the figure. The parameters in
Figs. 3(a)–3(c) are different from each other. Compared to
Figs. 3(a)–3(c), the data in Fig. 3(d) are obtained by weak-
ening the power of the linearly polarized laser at 397 nm.
Based on the exact numerical analysis of the whole sequence,
the experimental data are fitted using our theoretical model
as indicated by the solid curves in Figs. 3(a)–3(c) with Ω =

3.34(2π)× 106 and in Fig. 3(d) with Ω = 2.72(2π)× 106.
We find that the theoretical and the experimental results agree
within an acceptable error range for all the parameter settings.

It is obvious that all the solid curves experience a damped os-
cillatory tendency when t2 goes up, and the final stable val-
ues correspond to the theoretical results Pth

2 (straight dashed
lines) derived from Eq. (3) with the same parameters. Thus tm

2
should be assigned the t2 when the oscillation amplitude be-
gins to be small enough. For the case in Figs. 3(a)–3(c), tm

2 is
around 8 µs, which is smaller than that in Fig. 3(d). Therefore,
there may be an inverse proportional relation between tm

2 and
Ω . In other words, the collapse measurement process may be
completed more “instantaneously” if Ω is big enough.
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Fig. 3. (color online) Probability of finding the ion in state |2⟩ as a function of duration t2 of the collapse measurement process. The experimental
data (solid circles) are obtained by repeating the sequence in Fig. 2(b) with the parameters showed in the figures. Compared to (a)–(c), (d) is obtained
by weakening the power of the linearly polarized laser at 397 nm. The damped oscillatory curves are the fittings of the experimental data and trend to
their stable values when t2 goes up. The straight dashed lines show the theoretical values Pth

2 with the same parameters by Eq. (2), which correspond
to the ideal projection measurement case. Each point represents 500 experiments, and the error bars denote the error of the mean.

For the QAZE achievement, we set the duration of the
inserted collapse measurements as t2 = 8 µs. We repeat the
experimental sequence in Fig. 2(b) with various n (the num-
ber of the inserted collapse measurements), and measure the
final probability P2 at the end of each run. The experimen-
tal results (solid circles) are shown in Figs. 4(a)–4(c), where
the upper bound of the probability, namely, the occupation
in state |2⟩, is 0.5. Given the great agreement with the the-
oretical values (solid curves), it is obvious that the QAZE in
our experiment is nearly ideal despite the dephasing by envi-
ronment. For comparison, we also study the state evolution
without inserted collapse measurements. The results (solid
squares) are shown in Figs. 4(a)–4(c) and the time duration
8 µs between coherent evolutions is reserved. Note that due to
the decoherence of the system, the results here do not reflect
the Rabi oscillation as the theoretical results shown in Fig. 1(b)

and become larger slowly as the time t1 goes up. By compar-
ing the results above, we find that the probability P2 is larger
when the inserted collapse measurements exist. That is to say,
the transition |1⟩ → |2⟩ increases more rapidly by the inserted
collapse measurements. This is exactly the QAZE. And it is
obvious that the enhancement can be more remarkable if |m|
is smaller. In addition, if we define the transfer rate γ ′ of the
transition |1⟩→ |2⟩ by P2 = 1/2(1−exp(−γ ′t1)),[20–22] where
t1 = nτ , then the transfer rate γ ′ can be obtained by repeating
the sequence in Fig. 2(b) for various measurement intervals τ .
The results are shown by the triangles in Fig. 3(d). We find
that the experimental results with various τ also agree with the
theoretical values derived from Eq. (3), and the most efficient
transfer from |1⟩ to |2⟩ occurs when τ = 0.49 µs< tπ under
our parameter setting.
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Fig. 4. (color online) Anti-Zeno effect with a single trapped 40Ca+ ion. The duration t2 for electron shelving is set as 8 µs. (a)–(c) The solid
circles show the probability P2 of state |2⟩ as a function of the number n of the inserted collapse measurements. They are the experimental
results of implementing the sequence in Fig. 2(b) under the conditions of (a) m = −8, (b) m = −12, and (c) m = −16. For simplicity, the
measurement intervals here are all set as τ = tπ . The solid squares show the state evolution without inserted measurements and the time
duration 8 µs between coherent evolutions is reserved. (d) The transfer rate of |1⟩ → |2⟩ as a function of the interval τ between the adjacent
measurements. The triangles are the experimental results obtained by repeating the sequence in Fig. 3(a) for various measurement intervals τ

with Ω1 = 0.097(2π)×106 and m = −8. The solid curves represent the theoretical results and the straight solid lines show τ = tπ . The inset
shows the theoretical transfer rate as a function of interval τ from 0 to 9 µs, and the straight solid lines also show τ = tπ . Each point represents
500 experiments, and the error bars denote the error of the mean.

5. Discussion and conclusion
We have realized the QAZE with a single trapped 40Ca+

ion. The data from our experiment agree well with the theoret-
ical results derived from the theory of QAZE in Ref. [8]. Com-
pared to the non-measurement case, we find that the transfer
of population from state |1⟩ to |2⟩ is enhanced by the inserted
collapse measurements with an upper bound of 0.5. The in-
serted collapse measurements in our experiment are realized
by the electron shelving technique to cause a complete deco-
herence of the state. Differing from the ideal projection mea-
surement, which makes the quantum state collapse instanta-
neously, it needs a finite time duration to drive the phase of the
state to zero during the inserted collapse measurement process.
And the minimum value of the required measurement time is
shown to be inversely proportional to the square of the cou-
pling strength Ω between the measurement laser and the sys-
tem. By numerically fitting the experimental data, we obtain
the minimum time duration that the inserted collapse measure-
ment needs, and at the same time, estimate the magnitude of
Ω .

In addition, by comparing our research with other works,
we find that in most studies of the QZE and QAZE, the authors
mainly focus on the system coupled only to an environment
(bath) during the free evolution stage between measurements.

This is actually not the case in our study where a single-mode
laser field drives the transition between the ground and excited
states. Actually, the QZE and QAZE in our research and other
studies have different characteristics. For example, when con-
sidering the QAZE in our research, we would rather use the
words “enhance the transfer” than “speed up the transition” to
describe the effect derived from those measurements because
of the excellent promotion of transfer upper bound, and the
effect induced from the environment can be ignored. How-
ever, in other studies, the QAZE usually refers to the speedup
of the induced spontaneous emission or pure dephasing by the
environment.
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