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Blockade of phonon hopping in trapped ions in the presence of multiple local phonons
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Driving an ion at a motional sideband transition induces the Jaynes-Cummings (JC) interaction. This JC
interaction creates an anharmonic ladder of JC eigenstates, resulting in the suppression of phonon hopping
due to energy conservation. Here, we realize phonon blockade in the presence of multiple local phonons in a
trapped-ion chain. This work constitutes a concrete study on the evolution of multiple local phonons with or
without phonon blockade.
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I. INTRODUCTION

Trapped ions are a well-isolated and controllable system,
providing an ideal platform for quantum information process-
ing (QIP) and quantum simulation. The quantum state of an
ion can be expressed by the internal and phonon degrees of
freedom. In general, the internal states are used to encode
qubits while phonons mediate interactions between the qubits.
However, phonons in trapped ions are also a promising re-
source for QIP and quantum simulation themselves. Phonon
states can be optically manipulated by driving motional side-
band transitions. Also, because of their high Hilbert-space
dimensions, trapped-ion vibrational modes offer large degrees
of freedom for use in encoding qubits [1].

Phonons in trapped ions can be classified into collective-
mode phonons [2,3] and local phonons [4]. When ions are
tightly confined, the couplings between the ions are strong, re-
sulting in collective oscillations. However, when the distance
between the ions is large, the phonons are localized to each
ion in a trapped-ion chain. These local phonons behave as
if they were independent particles [5–11]. Because of their
particlelike characteristics and bosonic nature, local phonons
can be applied to QIP [12,13] and to quantum simulation of
bosonic systems [4,14] and quantum transport [15–17]. In
addition, local phonons play an important role in building
two-dimensional trapped-ion systems for QIP and quantum
simulation [18–20].

A challenge in the experiments with local phonons is un-
avoidable residual errors in state preparation and detection.
In trapped-ion experiments, the desired motional states can
be prepared by applying an appropriate pulse sequence. How-
ever, to produce a nonclassical state with higher-order Fock
states, a relatively long pulse sequence is required. Local
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phonons constantly hop to other sites even during the state
preparation, resulting in an error in state preparation.

A possible approach to reducing the residual errors is
phonon blockade [9]. Driving the Jaynes-Cummings (JC) in-
teractions leads to coupling of the internal states and the
phonon states. This coupling results in an anharmonic ladder
of JC eigenstates, suppressing phonon hopping, i.e., phonon
blockade. With implementation of the phonon blockade, state
preparation can be realized with fewer hopping-induced er-
rors. This technique can also be applied when the local phonon
state is measured with a long pulse sequence.

Realizing state preparation or detection with fewer
hopping-induced errors requires implementation of the
phonon blockade with multiple local phonons. More specif-
ically, when n local phonons exist in a trapped-ion chain, the
transition |i − 1〉 ↔ |i〉 (i = 1, . . . , n) in a particular ion site
may need to be suppressed. Phonon blockade in the presence
of a single local phonon in a three-ion chain has been previ-
ously demonstrated [9].

In the present work, we have extended the scheme to
multiple phonons and demonstrated two types of blockades
at a particular site in the presence of two local phonons in
a trapped-ion chain: (1) blockade of the excitation of the
first local phonon (|0〉 ↔ |1〉) and (2) blockade of the exci-
tation of the second local phonon (|1〉 ↔ |2〉). Here, we have
blocked the excitation of the first local phonon in a targeted
ion site in the presence of two local phonons, which is exper-
imentally more challenging than the previous implementation
in the sense that the presence of multiple local phonons en-
hances the flow magnitude of hopping phonons (see the text
in Ref. [21]). In addition, we have demonstrated blocking the
excitation of the second local phonon in a targeted ion site.

II. PHONON BLOCKADE

We first describe the principles of phonon blockade. Here,
N ions with mass m and charge e form a linear chain in a

2469-9926/2021/103(1)/012612(6) 012612-1 ©2021 American Physical Society

https://orcid.org/0000-0001-7320-1186
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.012612&domain=pdf&date_stamp=2021-01-29
https://doi.org/10.1103/PhysRevA.103.012612


RYUTARO OHIRA et al. PHYSICAL REVIEW A 103, 012612 (2021)

FIG. 1. (a) Harmonic ladder of eigenstates of local phonons.
(b) Anharmonic ladder of JC eigenstates.

harmonic potential. The confinement along the z direction is
relatively weak, resulting in large inter-ion distances. Assum-
ing h̄ = 1 and that the distance between the ith and jth ions
is di j , the Hamiltonian of this system is described in terms of
the local phonons as follows [4,22,23]:

H0 =
N∑

i=1

(ωy + ωi )â
†
i âi +

N∑
i< j

κi j

2
(âiâ

†
j + â†

i â j ), (1)

where κi j and ωi are the hopping rate between the ith and jth
ions and the site-dependent secular frequency shift of the ith
ion, respectively:

κi j = e2

4πε0mdi j
3ωy

, ωi = −1

2

N∑
i �= j

κi j . (2)

Here, ωy is the secular frequency along the y direction. In
addition, âi and â†

i are the annihilation and creation operators,
respectively, of the local phonon mode along the y direction
of the ith ion.

The phonon blockade is based on a quantum nonlinear
effect induced by the JC interactions [9]. Illumination of
an ion with a laser resonant with a red sideband induces
JC interactions. We assume that 2gr

i and �r
i are the red-

sideband Rabi frequency and the detuning from the resonance
of the red-sideband transition for the ith ion, respectively. The
Hamiltonian of this system after the unitary transformation
is performed with U = exp(−iH1t ) (H1 = ∑N

i=1 ωyâ†
i âi +∑N

i=1 �r
i |↑i〉 〈↑i|) and the rotating wave approximation is de-

scribed as follows:

H rsb
block =

N∑
i=1

ωiâ
†
i âi +

N∑
i< j

κi j

2
(âiâ

†
j + â†

i â j )

+
N∑

i=1

�r
i |↑i〉 〈↑i| +

N∑
i=1

gr
i(âiσ̂i

+ + â†
i σ̂i

−). (3)

Here, the internal states of an ion are represented as |↑i〉 and
|↓i〉; σ̂i

+ = |↑i〉 〈↓i| and σ̂i
− = |↓i〉 〈↑i| are the raising and

lowering operators for the ith ion, respectively.
As shown in Fig. 1(b), the JC interaction results in an

anharmonic ladder of JC eigenstates |±, n〉, where n is the
polaritonic excitation number and + and − represent higher
and lower branches of eigenstates, respectively. At resonance
(�r

i = 0), each eigenenergy of the JC Hamiltonian is calcu-

lated as

Ei(n) = nωi ± gr
i

√
n. (4)

The energy difference between two consecutive JC eigenstates
is then

�Ei
n+1↔n = Ei(n + 1) − Ei(n)

= ωi ± gr
i (

√
n + 1 − √

n). (5)

This energy difference results in the out-of-resonance cou-
pling between ion oscillators, preventing local phonons from
hopping to the illuminated site.

In our current experimental setup, the relaxation of the
blue-sideband Rabi oscillation is empirically known to be
longer than that of the red-sideband one. Therefore, in the
present experiment, we have implemented phonon blockade
using the anti-JC interaction [24], which can be realized by
exciting the ions with lasers resonant with a blue-sideband
transition. Therefore, the Hamiltonian is rewritten as

Hbsb
block =

N∑
i=1

ωiâ
†
i âi +

N∑
i< j

κi j

2
(âiâ

†
j + â†

i â j )

+
N∑

i=1

�b
i |↓i〉 〈↓i| +

N∑
i=1

gb
i (âiσ̂i

− + â†
i σ̂i

+). (6)

where 2gb
i and �b

i are the blue-sideband Rabi frequency and
the detuning from the resonance of the blue-sideband transi-
tion for the ith ion, respectively. This Hamiltonian is formally
equivalent to that in Eq. (3), as can be confirmed by inter-
changing the internal states (|↓i〉 ↔ |↑i〉).

III. EXPERIMENTAL RESULTS

A. Blocking the excitation of the first local phonon

We implement a blockade of the transition between |0〉 ↔
|1〉 in a targeted ion site in the presence of the two lo-
cal phonons in a trapped-ion chain. In the experiment, two
40Ca+ ions (Ion 1 and Ion 2) are trapped in a linear Paul
trap. The frequencies for harmonic confinement along the
radial (x and y) and axial (z) directions are (ωx, ωy, ωz ) =
2π×(3.07, 2.87, 0.11) MHz. The local phonon mode is a
superposition of the collective phonon modes. In the present
study, the local phonon mode is a superposition of the
center-of-mass mode and the rocking mode whose frequency
separation corresponds to the hopping rate of κ12. Accord-
ingly, the center-of-mass mode frequency (ωcom) and rocking
mode frequency (ωrock) can be calculated as (ωcom, ωrock ) ≈
(ωx(y), ωx(y) − κ12). In the present study, κ12 along the y di-
rection is experimentally measured to be 2.1–2.2 kHz. The
distance between the ions is ∼24μm. We use the internal
states |S1/2, mj = −1/2〉 ≡ |↓〉 and |D5/2, mj = −1/2〉 ≡ |↑〉
to encode the spin states.

The experiment begins with the Doppler cooling of all
motional modes and the ground-state cooling of radial mo-
tional modes. The narrow quadrupole transition, S1/2-D5/2,
is used for the resolved sideband cooling. The local phonon
mode along the y direction is used. After sideband cool-
ing, two ions are prepared in |ψinit〉 = |ψIon 1〉 ⊗ |ψIon 2〉 =
|↑, ny = 2〉 ⊗ |↑, ny = 0〉 ≡ |2, 0〉. This state was generated
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by applying a blue-sideband π pulse for the transition between
|↓, ny = 0〉 ↔ |↑, ny = 1〉 to Ion 1 followed by a carrier π

pulse and a blue-sideband π pulse for the transition between
|↓, ny = 1〉 ↔ |↑, ny = 2〉 applied to Ion 1. A blockade beam
was then applied to Ion 2.

To observe the multiple phonon dynamics, we use phonon-
number-resolving detection [10]. Here, we assume that only
the populations in |↑, ny = 0, 1, 2〉 are finite and neglect the
populations in Fock states with higher quantum numbers or in
the other internal state. We first apply a composite-pulse se-
quence at the blue-sideband transition to compensate the Rabi
frequency difference between the transitions |↓, ny = 0〉 ↔
|↑, ny = 1〉 and |↓, ny = 1〉 ↔ |↑, ny = 2〉. Here, we define
the operation for the blue-sideband transition as RBSB(θ, φ),
where θ and φ denote the angle of the qubit rotation for the
motional ground state and the rotation axis, respectively. The
composite-pulse sequence used in this experiment can then be
expressed as

RCP = RBSB

(
π

2
, 0

)
RBSB

(
π√

2
,
π

2

)
RBSB

(
π

2
, 0

)
. (7)

Subsequently, a π pulse at the carrier transition is applied.
The probability amplitude of |↓, ny = 0〉 (originally that of
|↑, ny = 0〉) is then transferred to |D5/2, mj = −5/2〉 ≡ |e0〉,
which has a lifetime of ∼1 s. Finally, by applying a blue-
sideband π pulse, the probability amplitude of |↑, ny = 1〉
(originally that of |↑, ny = 2〉) is mapped to the motional
ground state |↓, ny = 0〉. At this point, the initial probabil-
ity amplitudes in |↑, ny = 0, 1, 2〉 are mapped to the three
internal states |e0〉, |↑, ny = 0〉, and |↓, ny = 0〉, respectively.
These can be selectively read out by flipping the internal states
with carrier pulses and carrying out fluorescence detection.
This mapping procedure using a composite-pulse sequence
can be performed relatively faster compared with the case
of using rapid adiabatic passages for the blue-sideband tran-
sition. In this sense, we can suppress the effect of phonon
hopping during the detection.

After the mapping process, a 397-nm laser is applied
to collect the state-dependent fluorescence. If fluorescence
is observed, we can conclude that the state was origi-
nally in |↑, ny = 2〉; otherwise, the probability amplitude of
|D5/2, mj = −5/2〉 is mapped to that of |↓, ny = 0〉 and a
further fluorescence detection is performed. From this result,
we can deduce the remaining populations of the original states
|↑, ny = 0〉 and |↑, ny = 1〉. Notably, this procedure can be
performed independently for Ion 1 and Ion 2. Thus, we can ac-
quire the full information on the populations of the combined
motional Fock states (in this case |2, 0〉, |1, 1〉, and |0, 2〉).

The observed dynamics of the multiple local phonons with-
out and with a blockade beam are shown in Figs. 2(a) and
2(b), respectively. The measured probabilities for |2, 0〉, |1, 1〉,
and |0, 2〉 are shown as functions of the hopping time. The
dashed lines in Figs. 2(a) and 2(b) represent the numerically
calculated results based on the Hamiltonian in Eq. (6), which
includes the infidelities of the state preparation and three tran-
sitions used in the mapping process. As evident in Fig. 2, the
hopping of the two local phonons is substantially suppressed.

FIG. 2. Experiments on blocking the excitation of the first local
phonon. Temporal dynamics of local phonons (a) without blockade
and (b) with blockade. The time step between data points is 20 μs.
Each data point is an average of 500 measurements. The dashed lines
are numerically simulated results. The phonon hopping occurs during
the state preparation and the mapping process; therefore, the results
start with a derivative.

B. Blocking the excitation of the second local phonon

We next perform an experiment for a blockade of the tran-
sition between |1〉 ↔ |2〉 in a targeted ion site. Because of the√

n nonlinearity of the JC interaction, as n increases, �Ei
n+1↔n

decreases. This makes the suppression of the hopping more
difficult.

The experimental sequences without and with a blockade
beam are shown in Figs. 3(a) and 3(c), respectively. After side-
band cooling, both ions are prepared in |ψinit〉 = |ψIon 1〉 ⊗
|ψIon 2〉 = |↑, ny = 1〉 ⊗ |↑, ny = 1〉 ≡ |1, 1〉. This state was
generated by applying blue-sideband π pulses to both ions.
Ion 2 was then illuminated with a blockade beam tuned to
the blue-sideband transition. After a waiting period equal to
the phonon hopping time, each ion was illuminated with a
blue-sideband π pulse that projected the probability amplitude
of |↑, ny = 1〉 onto |↓, ny = 0〉. The state detection was then
conducted by collecting the state-dependent fluorescence.

The experimental results without and with a blockade beam
are shown in Figs. 3(b) and 3(d), respectively. In these experi-
ments, the quantum states of the ions before the detection can
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FIG. 3. Experiments on blocking the excitation of the second
local phonon using mapping with blue-sideband (BSB) π pulses
for state analysis. Experimental sequences (a) without blockade and
(c) with blockade. We varied hopping (blockade) duration τ to ob-
serve the multiphonon dynamics. Here, SBC represents the sideband
cooling. Experimental results (b) without blockade and (d) with
blockade. The red and blue (open) circles in the graphs represent the
probabilities for Ion 1 and Ion 2, respectively. The solid lines [black
line in Fig. 3(b), red and blue lines in Fig. 3(d)] represent numerical
calculations. Each point is the average of 50 experiments. The error
bars represent the statistical uncertainties of 1σ .

be expressed as follows:

|ψIon 1(t )〉 =
2∑

n=0

cIon 1
↓,n |↓, n〉 +

1∑
n=0

cIon 1
↑,n |↑, n〉 ,

|ψIon 2(t )〉 =
2∑

n=0

cIon 2
↓,n |↓, n〉 +

1∑
n=0

cIon 2
↑,n |↑, n〉 ,

(8)

where cIon 1(Ion 2)
↓,n and cIon 1(Ion 2)

↓,n are probability amplitudes for
each state. The probability that we obtain in this experiment
is

PIon 1(Ion 2) = | 〈↓ |ψIon 1(Ion 2)(t )〉 |2. (9)

The experiment without a blockade beam [Fig. 3(b)] cor-
responds to the Hong-Ou-Mandel experiment [8,10,25]. The
solid black line in Fig. 3(b) represents numerically calcu-
lated results for Ion 1 and Ion 2. In the experiment with a
blockade beam [Fig. 3(d)], the state of Ion 1 remains largely
constant, whereas Ion 2 experiences Rabi flopping caused by
the blockade beam. The solid red and blue lines in Fig. 3(d)
represent numerical calculation results for Ion 1 and Ion 2,
respectively. Each data point in both graphs is the average of
50 measurements. In the numerical calculation, we include the
imperfection of the sideband cooling and the infidelities of the
carrier and blue-sideband Rabi oscillation.

The results in Fig. 3(d) show a strong indication that the
transition from |1〉 to |0〉 or |2〉 in Ion 1 is suppressed. How-
ever, to confirm that the blockade is working, we also need to
deduce the phonon number distribution of each ion. To extract
the phonon number distribution, we perform another exper-
iment shown in Fig. 4(a) (without blockade) and Fig. 4(c)
(with blockade). Here, the analysis of the blue-sideband Rabi
oscillation instead of the phonon-number-resolving detection
is conducted. The reason for this is that, in the present
study, we simply intend to demonstrate a phonon block-
ade in the presence of two local phonons in two ions. The
phonon-number-resolving detection allows one to measure the
correlation between different local phonon modes as well as
the dynamics. However, due to the necessity of the multiple
sideband pulses and the decoherence of the sideband Rabi os-
cillations in our experimental setup, the measured data result
in low contrast as can be seen in Fig. 2. On the other hand,
because of its simpler experimental sequence, we are able
to obtain the results with higher fidelity by using the blue-
sideband fitting method. Besides, in the previous study, the
dynamics of the state |1, 1〉 without phonon blockade has been
studied with the phonon-number-resolving detection [10]. In
order to focus more attention on the behavior in the presence
of the blockade beam, we employ the Fourier analysis of the
blue-sideband Rabi oscillations, allowing us to observe the
multiple phonon dynamics with high accuracy. After waiting
for the hopping time, we apply a carrier π pulse to each ion
followed by measuring the blue-sideband Rabi oscillation of
Ion 1.

The results for the experiments without and with a block-
ade beam are given in Figs. 4(b) and 4(d), respectively.
By fitting the blue-sideband Rabi oscillation, we extract the
phonon number distribution [24]. The dashed lines in each
graph are numerically calculated results for each motional
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FIG. 4. Experiments on blocking the excitation of the second
local phonon using blue-sideband (BSB) Rabi oscillations for state
analysis. Experimental sequences (a) without blockade and (c) with
blockade. Here, SBC and CAR represent the sideband cooling and
the carrier pulse, respectively. To deduce the phonon number dis-
tribution, we observe the blue-sideband Rabi oscillation of Ion 1.
Experimental results (b) without blockade and (d) with blockade
are shown. The probabilities for |0〉, |1〉, and |2〉 obtained from the
analysis of the blue-sideband Rabi oscillation are plotted. The dashed
lines are numerically calculated results for each Fock state.

Fock state. On the basis of the results in Figs. 4(b) and 4(d),
along with the results in Figs. 3(b) and 3(d), we conclude that
the transitions from |1, 1〉 to |0, 2〉 and |2, 0〉 are blocked. De-
spite only four data points being shown in Figs. 4(b) and 4(d),
we are able to verify the evidence of the phonon blockade. The
local phonon dynamics are governed by the hopping period
(≈ 500μs), which is longer than the time step of the measure-
ment in Fig. 4(d) (100 μs). Even if certain faster dynamics due
to the coupling with the internal states exist, the corresponding
dynamics should be observed in Fig. 3(d). However, no rapid
change except for the oscillation driven by the blue-sideband
excitation is detected in Fig. 3(d). Therefore, we can exclude
the possibility of phonon dynamics that are contrary to our
conclusion.

IV. DISCUSSION

The contrast of the results is limited by the infideli-
ties of the state preparation and the mapping process, in
particular, that of the blue-sideband π pulses, which is
0.1 ∼ 0.15. In the case of the state preparation, the average
motional number along the radial direction is approxi-
mately 0.04. To confirm the validity of the experimental
data, we have performed a numerical calculation for each
experiment. For the numerical simulation, we have in-
cluded infidelities of the state preparation and π pulses for
each transition into a Liouville equation as Lindblad-type
relaxation.

We speculate that the infidelity in the blue-sideband Rabi
oscillations is largely caused by stochastic intensity noise due
to interbeam interferences and the resulting ac-Stark shifts
[26]. We are using a single-mode optical fiber for the optical
beam that illuminates each ion to determine the optical path
of the beam. However, the thermal drifts of the fibers may
cause the movement of the interference fringes and leads to
stochastic intensity noise. This effect can be overcome with
anti-Stark-shift compensation [26] and/or by avoiding the use
of optical fibers.

In the present phonon blockade method, we apply a block-
ade beam resonant with the blue-sideband transition, thereby
driving the transition between |↓, 0〉 and |↑, 1〉 of the targeted
ion. This approach can cause difficulties in local phonon oper-
ations. Here, we propose a method to avoid this Rabi flopping.
The evolution of the Bloch vector R on the Bloch sphere can
be represented as

dR
dt

= K × R. (10)

Equation (9) shows that the Bloch vector precesses around
the vector K. Therefore, the sideband Rabi flopping can be
avoided by satisfying K × R = 0; i.e., the Bloch vector is
either parallel or antiparallel to the vector K. We can realize
this situation by using adiabatic passage over the sideband
transition [27–29]. Assuming that the quantum state of the
targeted ion is |ψ〉 = |↑, n〉, we then prepare the ion in the
superposition of |↓, n − 1〉 and |↑, n〉 using adiabatic passage
over the blue-sideband transition. The condition K × R = 0
can be satisfied by stopping the sweep of the power and
detuning of the laser at the halfway point of the adiabatic
process. However, the speed of the adiabatic passage is usually
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comparable to or slower than the hopping period. To mitigate
this problem, we propose using transitionless quantum driving
to accelerate the adiabatic process [30–33]. By implementing
the transitionless quantum driving into the aforementioned
idea, we realize the steady Bloch vector during the block-
ade. In addition, the adiabatic passage can eliminate the
phonon-number dependence on the sideband Rabi oscillation;
thus, confining an arbitrary superposition of Fock states or a
nonclassical state, such as a coherent state and a squeezed
state, to a limited region in a trapped ion chain might be
possible.

V. CONCLUSIONS

We have demonstrated phonon blockade in the presence
of two local phonons in a trapped-ion chain. Our work is an
important step toward the realization of a large-scale quantum
simulator with multiple phonons.
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