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Proposal for reversing the weak measurement with arbitrary maximum photon number
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We present a proposal for reversing the weak (partial-collapse) quantum measurement on a cavity field with
arbitrary maximum photon number. We start by putting forth a protocol to realize quantum PHASE gates between
the cavity field and an ancilla qubit. Afterward, adopting these PHASE gates and some other quantum gates, we can
determine the reversal of the cavity state just by observing the ancilla qubit. Compared to previous proposals, our
proposal does not need any other weak measurement and can save reversal time, which is significantly important
in quantum informatics and quantum computation.
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I. INTRODUCTION

Weak measurement has attracted a great deal of attention in
the past decade in both theory and experiment [1–25]. Com-
pared to traditional quantum projection measurement [26],
weak measurement is related to the condition that correlation
between the quantum state and the measuring device (meter)
is very weak. Consequently, the initial state does not fully
collapse after such a measurement and quantum information
of the initial state is partially conserved. We have therefore
a finite probability to collect the initial-state information
retained in the final state. Weak measurement and quantum
measurement reversal can play an important role in many
quantum phenomena [4–17]. For example, in Refs. [5–7],
it was shown that weak measurement and the reversal can
effectively suppress amplitude-damping decoherence for a
single qubit; Refs. [10–12] showed that quantum entanglement
can be greatly protected by weak measurement and the
reversal. As a result, how to reverse weak measurement
physically becomes useful and important.

There have been several proposals to reverse weak mea-
surement [18–25]. Most of them provide reversal of qubit
states and require another weak measurement in the reversal
process. In our previous work [22] we were able to reverse a
general state of the type

∑nmax
n=0 αn|n〉. Additionally, our scheme

in Ref. [25] based on quantum logical gates can avoid another
weak measurement and make the protocol faster.

In an earlier work [22], we assumed that the original
cavity state is in a state

∑nmax
n,m=0 ρnm|n〉〈m|. After the weak

measurement, it evolves into
∑nmax

n,m=0 ρnme−(n+m)γ t |n〉〈m|. Our
reversal proposal mainly contains the following steps. The
first step is to swap the components symmetrically from∑nmax

n,m=0 ρnme−(n+m)γ t |n〉〈m| to
∑nmax

n,m=0 ρnme−(n+m)γ t |N −
n〉〈N − m|, where N is an adjustable parameter that is bigger
than or equal to the maximum photon number nmax and γ

is the cavity decay rate. The second step is to do a weak
measurement on the cavity. This transforms the state to be∑nmax

n,m=0 ρnme−2Nγ t |N − n〉〈N − m|, which has a common
coefficient e−2Nγ t and can be dropped after normalization.
Third, we repeat the first step on the state in order to transfer
the symmetrical state to the initial state

∑nmax
n,m=0 ρnm|n〉〈m|.

Because the second null-result weak measurement has a

probability to fail, we reverse the quantum state successfully
with only some probability. The drawback of this method is
that the second weak measurement sometimes takes a long
time [22], which makes the reversal process slow.

In another work [25], an ancilla qubit is used to interact
with the cavity field to construct a controlled-NOT (CNOT) gate
and then the atom is detected. If the ancilla qubit is found in
the ground state, the cavity state is projected to the original
state and the weak measurement is reversed. This proposal
does not need a second weak measurement. Therefore, it takes
less time. However, this scheme can only solve the problem
when the cavity has at most one photon.

In the present paper we combine these ideas to present
a protocol to reverse the cavity state with arbitrary max-
imum photon number without carrying out another weak
measurement. Our protocol requires a series of CNOT gates to
accomplish the reversal for this generalized state by extending
the method presented in [25]. The key is to construct quantum
PHASE gates between the cavity field and an ancilla qubit.
We just need to do a generalized measurement on the ancilla
qubit to project the cavity state to the original state. No weak
measurement needed here means that our proposal can save the
reversal time even for a high-dimensional system. This is very
important in many applications, such as quantum computation
and quantum entanglement protection.

The paper is organized as follows. In Sec. II we present
the mathematical formalism of our protocol. In Sec. III we
construct quantum PHASE gates. In Sec. IV we use PHASE

gates and Hadamard gates to construct CNOT gates and then
reverse the quantum state after a weak measurement. Finally,
we summarize our work in Sec. V.

II. REVERSING THE WEAK MEASUREMENT

We consider the schematic diagram shown in Fig. 1 for
the implementation of our protocol to reverse the weak
measurement. The cavity field is initially in a pure state written
as

|ϕ0〉 =
nmax∑
n=0

αn|n〉, (1)
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FIG. 1. (a) Schematic diagram of the proposal. Initially, the
cavity state |ϕ〉 shown in Eq. (2) is input to process S1 and the
process S1 can reverse the cavity state to the state shown in Eq. (6)
with some probability. Then the cavity state |ϕ〉 shown in Eq. (6)
is input to process S2 and the process S2 can reverse the cavity
state to the state shown in Eq. (11) with some probability. After
processes S1 → Snmax , the cavity state can be reversed to the original
state shown in Eq. (1). Here Hθj (j = 1,2, . . . ,R) can prepare
the ancilla qubit from |D〉q to cos θ |D〉q + sin θ |U〉q with tan θ =
e2j−1γ t . The CNOTi (i = 1,2, . . . ,nmax) are CNOT gates of Eq. (4)
with the bases (

∑i−1
n=0 αne

−nγ t |n〉)|D〉q , (
∑i−1

n=0 αne
−nγ t |n〉)|U〉q ,

(
∑nmax

n=i αne
−nγ t |n〉)|D〉q , and (

∑nmax
n=i αne

−nγ t |n〉)|U〉q . (b) The CNOT

gates consist of two Hadamard gates and one PHASE gate. The PHASE

gate Qi
π denotes that only when the photon number in the cavity is

bigger than or equal to i and the ancilla qubit is in the excited state
|U〉q can there be a π phase shift.

which satisfies the normalization condition
∑nmax

n=0 |αn|2 = 1.
We assume that there is an ideal photon detector outside the
cavity, which can capture all the photons escaping from the
cavity. If there is no click, the final state evolves into [22,27,28]

|ϕ〉 =
(

nmax∑
n=0

αne
−nγ t |n〉

)/
�0 (2)

according to the quantum trajectory theory. Here �0 =
(
∑nmax

n=0 |αn|2e−2nγ t )1/2 is the normalization factor and γ is
the cavity decay rate. For simplicity, we ignore �0 here. The
schematic diagram is shown in Fig. 1(a). Following the method
in Ref. [25], we add an ancilla qubit prepared in the state
cos θ |D〉q + sin θ |U 〉q to interact with the cavity field. Here
|D〉q and |U 〉q are two eigenstates of the ancilla qubit. Initially,
the cavity field and the ancilla qubit are in the following state:(

nmax∑
n=0

αne
−nγ t |n〉

)
⊗ (cos θ |D〉q + sin θ |U 〉q). (3)

Here we assume that
∑nmax

n=1 αne
−nγ t |n〉 is a hypothetical

eigenstate and consider
∑nmax

n=0 αne
−nγ t |n〉 to be a superposition

state of α0|0〉 and
∑nmax

n=1 αne
−nγ t |n〉. The next step is to operate

the CNOT gate ⎛
⎜⎝

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎞
⎟⎠ (4)

on the state of Eq. (3). The basis of the ma-
trix are |0〉|D〉q , |0〉|U 〉q , (

∑nmax
n=1 αne

−nγ t |n〉)|D〉q , and

(
∑nmax

n=1 αne
−nγ t |n〉)|U 〉q . After the operation, the state evolves

into[
α0 cos θ |0〉 +

(
nmax∑
n=1

αne
−(n−1)γ t |n〉

)
e−γ t sin θ

]
⊗ |D〉q

+
[
α0 sin θ |0〉 +

(
nmax∑
n=1

αne
−(n−1)γ t |n〉

)
e−γ t cos θ

]

⊗ |U 〉q . (5)

We set tan θ = eγ t and make a projecting measurement on the
ancilla qubit. The cavity will be projected to

|ϕ〉 = α0|0〉 +
(

nmax∑
n=1

αne
−(n−1)γ t |n〉

)
(6)

when the outcome is |D〉q and

|ϕ〉 = α0|0〉 +
(

nmax∑
n=1

αne
−(n−1)γ t |n〉

)
e−2γ t (7)

when the outcome is |U 〉q . If we get |U 〉q , we repeat the
above procedures but set tan θ = e2γ t initially. Similarly, the
measurement result |D〉q or |U 〉q will project the cavity to

|ϕ〉 = α0|0〉 +
(

nmax∑
n=1

αne
−(n−1)γ t |n〉

)
(8)

or

|ϕ〉 = α0|0〉 +
(

nmax∑
n=1

αne
−(n−1)γ t |n〉

)
e−4γ t , (9)

respectively. We can repeat these procedures R times in order
for the cavity to evolve into the state of Eqs. (6) and (8) with
a finite probability less than 1 [25].

So far, we removed a common coefficient e−γ t of the
hypothetical excited state

∑nmax
n=1 αne

−nγ t |n〉. Now we assume
this state of Eq. (8) to be the superposition state of α0|0〉 +
α1|1〉 and

∑nmax
n=2 αne

−(n−1)γ t |n〉. In a similar manner, we also
need an ancilla qubit to interact with the cavity and a quantum
CNOT gate of Eq. (4) to manage the cavity and ancilla qubit.
After the operation, the whole state of the cavity field and the
ancilla qubit reads

[(α0|0〉 + α1|1〉) cos θ

+
(

nmax∑
n=2

αne
−(n−2)γ t |n〉

)
e−γ t sin θ

]
⊗ |D〉q

+
[

(α0|0〉 + α1|1〉) sin θ

+
(

nmax∑
n=2

αne
−(n−2)γ t |n〉

)
e−γ t cos θ

]
⊗ |U 〉q . (10)

We repeat the procedures of Eqs. (6)–(9). After R times,
we can get the following state with some probability:

|ϕ〉 = α0|0〉 + α1|1〉 + α2|2〉 +
(

nmax∑
n=3

αne
−(n−2)γ t |n〉

)
. (11)
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FIG. 2. Success probability for R = 1,2,3 compared with the
curve e−2nmaxγ t (from bottom to top). Here we set nmax = 2.

Successfully, we remove another common coefficient e−γ t of
the hypothetical excited state

∑nmax
n=2 αne

−nγ t |n〉. After nmax

times of the above process, we can reverse the state of Eq. (2)
back to the initial state of Eq. (1). In the following, we calculate
the total success probability for the reversal process. To remove
each e−γ t , the success probability is [25]

P1 = p1 + (1 − p1)p2 + (1 − p1)(1 − p2)p3

+ · · · + (1 − p1) · · · (1 − pR−1)pR, (12)

where

pj = (cos θ )2 = e−2j γ t

1 + e−2j γ t
(13)

is the probability to observe the ancilla qubit in |D〉q for the
j th observation. As shown in Ref. [25], if γ t is not very small,
the first few pj dominate P1 and

P1 ≈ e−2γ t . (14)

After nmax times of the above procedures, the total suc-
cess probability is the product of the probability of each
step

P → e−2nmaxγ t . (15)

In Fig. 2 we plot the success probability of our proposal
as a function of γ t , where nmax = 2. This shows that as R

increases, the probability approaches e−2nmaxγ t . Compared to
the previous schemes [21,22], our proposal has no advantage
in the success probability. The most important advantage of
our proposal is that we do not need another weak measurement
and can make the protocol faster

III. QUANTUM PHASE GATE WITH ARBITRARY
MAXIMUM PHOTON NUMBER

In this section we present how to realize the quantum PHASE

gates physically, which are necessary to construct the CNOT

gates used in the previous section [see Fig. 1(b)]. Similar to
Ref. [25], we can utilize the cavity and an ancilla qubit to
construct the PHASE gate. However, in the present proposal, it is
hard to control the interaction time between the cavity and the
ancilla qubit to obtain a suitable phase shift. The reason is that
the phase shift is related to the Rabi frequency, which in turn
is dependent on the cavity photon number. We need to divide

FIG. 3. Protocol diagram showing the three cavities I, II, and III
in Figs. 5 and 7. The wide blue arrows are classical laser beams.
Atom 	 can pass through cavities I and II, while atoms � can pass
through cavities I and III. The dotted box of the right part is the
same apparatus as that in Refs. [25,31]. Here L1, L2, and L3 are three
Ramsey laser fields: L1 can prepare the initial state of the ancilla qubit
[Hθj in Fig. 1(a)], while L2 and L3 can do Hadamard gates on the
ancilla qubit [Hπ/4 and H−π/4 in Fig. 1(b)]. The detector can measure
the state of the ancilla qubit.

the cavity state into a hypothetical ground state
∑s

0 αne
−nγ t |n〉

and an excited state
∑nmax

s+1 αne
−nγ t |n〉, where s is an adjustable

integer that is smaller than nmax. Furthermore, we require that
only when the cavity photon number is bigger than s and
the ancilla qubit is in the excited state can there be a phase
shift.

A. Setup and basic steps

Our protocol is sketched in Fig. 3. Cavity I contains the
field state shown in Eq. (2) initially and has two resonant
frequencies, i.e., ωe and ωa [29,30], which also can be
considered as two near single-mode cavities. We assume that
the initial field frequency of cavity I is ωe. The cavity structure
is shown in Fig. 5. Our objective is to use the setup shown in
Fig. 3 to reverse the state of cavity I back to the initial state
shown in Eq. (1) without a weak measurement. However, in
Ref. [22], after the cavity state has been swapped with the
symmetric state by driving atoms to pass through the cavity,
we need to monitor the cavity by an ideal detector, which is
called the second weak measurement if there is no click. At
last we drive atoms to pass through the cavity again to swap
the cavity state with the initial state shown in Eq. (1). The
second weak measurement always takes a long time, which is
harmful to the quantum information process.

In addition to the target cavity I, we also need two other
cavities, denoted by II and III. Both II and III have the resonant
frequency ωe. The three cavities are arrayed in the x-y plane.
We also need two kinds of atoms, denoted by atom 	 and
atom � as shown in Fig. 4. There are classical Gaussian beams
propagating through the cavities with directions perpendicular
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FIG. 4. (a) Structure of atom 	. The total angular momenta of
degenerate levels |e〉, |a〉, and |g〉 are Fg = 2, Fa = 1, and Fg =
2, respectively. The π -polarized transitions |gK〉	 → |eK〉	 (K =
±1, ± 2) are resonant with cavity field ωe, the π -polarized transitions
|gK〉	 → |aK〉	 (K = 0, ± 1) are resonant with cavity field ωa ,
the σ+-polarized transitions |gK−1〉	 → |eK〉	 (K = 0, ± 1,2) are
resonant with the classical beams σ+

e , and the σ+-polarized transitions
|gK−1〉	 → |aK〉	 (K = 0, ± 1) are resonant with the classical beam
σ+

a . (b) Structure of atom �. The π -polarized transition |d〉� → |b〉�

is resonant with cavity field ωe and the σ+-polarized transition
|c〉	 → |b〉	 is resonant with the classical beams σ+

bc.

to the moving directions of the atoms. The details are shown
in Figs. 4, 5, and 7. The basic principle of our protocol is
encoded in the detailed steps as described in Sec. III C. In
steps S1–3

1 , we use an atom 	 to pass through cavities I and
II sequentially. As a result, cavity II will have one photon
when cavity I is initially in the excited state

∑2
1 αne

−nγ t |n〉,
where we set nmax = 2. Otherwise, cavity II remains in the
vacuum state. In step S4

1, we use an ancilla qubit to interact
with cavity II to get an adjustable phase shift [25,31]. In step
S5

1, we use an atom 	 to pass through cavities II and I to
obtain a quantum PHASE gate, i.e., there is a phase shift only
when cavity I is initially in the excited state

∑2
1 αne

−nγ t |n〉
and the ancilla qubit is in the upper level. In step S1

2, we use
atom � to pass through cavities I and III. Subsequently, we
use atom 	 to pass through cavities I and II in step S2

2. The
two steps can guarantee that only when cavity I is in excited

FIG. 5. Atom 	 passes through cavities I and II. Cavity I has
two resonant frequencies ωe and ωa , while cavity II has resonant
frequency ωe. There are classical laser beams propagating through
the cavities.

state α2e
−2γ t |2〉 initially can cavity II have one photon and

consequently a phase shift occurs after cavity II interacts with
an ancilla qubit. Eventually, we use atom 	 to pass through
cavities II and I and then atom � to pass through cavities III
and I to obtain another PHASE gate, where there can be a phase
shift only when cavity I is initially in excited state α2e

−2γ t |2〉
and the ancilla qubit is in the upper level.

B. Dark state and adiabatic passage

We explain the dark state and the adiabatical passage
processes as follows. We consider the special case that nmax =
2 and the procedures here can be applied to a higher value of
nmax. The field state in cavity I can be expressed as

|ϕ〉 =
2∑

n=0

αne
−nγ t |n〉Ie. (16)

As discussed before, this state results when an initial state∑2
n=0 αn|n〉Ie undergoes a null measurement. The subscript Ie

means that a photon with frequency ωe is in cavity I. Atom
	 [32–39] as shown in Fig. 4(a) is a degenerate three-level
atom. In a real experiment, this kind of atom has many
possible candidates, such as the transition 5 2s1/2(F = 3) →
5 2P1/2(F = 2) and 5 2P1/2(F = 3) of the 85Rb D1 line. For
atom �, we can also use 85Rb and choose the levels 5 2s1/2(F =
2,m = 2), 5 2s1/2(F = 3,m = 3), and 5 2p1/2(F = 3,m = 3).
As described in Refs. [22,34,35], atom 	 interacts with both
the cavity field ωe and the classical field σ+

e ; hence a dark state
can be written as∣∣�dark

2

〉 ∝ |g2〉	|2〉Ie
2(t)
1(t) + |g1〉	|1〉IeG
2
2(t)
1(t)

+ |g0〉	|0〉IeG
2
2(t)G2

1(t), (17)

where


K (t) = 
	(t)〈Fg(mg = K − 1); 11|Fe(me = K)〉 (18)

are the Rabi frequencies due to the classical field σ+
e and

Gn
K (t) = ge

	(t)
√

n + K − 2〈Fg(mg = K); 10|Fe(me = K)〉
(19)

are the Rabi frequencies due to the quantum field πe. The
〈Fgmg; 1σ |Feme〉 are the Clebsch-Gordan coefficients for
the corresponding transition channels. We can see that the
dark states are dependent on the Rabi frequencies, i.e., the
intensities of the classical and quantum fields. Similarly, this
atom, the classical field σ+

a , and the cavity field ωa also have
a dark state just replacing e in Eq. (17) with a. The key state
mapping of our proposal is the adiabatic passage within the
dark states.

C. Detailed process

In the following steps Si
1 (i = 1,2, . . . ,5) we present how to

realize the quantum PHASE gate used in the process S1 shown
in Fig. 1(a). In steps Si

2 (i = 1,2), we present how to realize the
quantum PHASE gate used in the process S2. Because we have
assumed the maximum photon number nmax to be 2, these two
PHASE gates are enough to reverse the cavity state. We also
discuss how to extend nmax to an arbitrary number at the end
of this section.
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FIG. 6. Electrons moving in atom 	 according to the adiabatic
passages. Here σ+

e and σ+
a are classical fields, while πe and πa are

quantum fields.

1. Step S1
1

As shown in Fig. 5 [22], there are two classical Gaussian
beams σ+

e and σ+
a placed at the two sides of cavity I, while in

the middle, there are two quantum fields πe and πa . The fields’
intensities are space dependent. We prepare atom 	 initially
in state |g2〉	 and then allow it to fly through cavity I along the
x direction with a certain velocity. As the atom moves inside
the cavity, under the adiabatic passage, the state of atom 	 and
cavity I evolves according to [see Fig. 6(a)](

2∑
n=0

αne
−nγ t |n〉Ie

)
|g2〉	 −→

2∑
n=0

αne
−nγ t |0〉Ie|g2−n〉	. (20)

2. Step S2
1

As atom 	 approaches the other side of the cavity, it
encounters the classical field σ+

a . Cavity I and atom 	 will
adiabatically change to [see Fig. 6(b)][

α0|0〉Ia|g2〉	 +
(

2∑
n=1

αne
−nγ t |n − a〉1α

)
|g1〉	

]
|0〉Ie, (21)

which means that if the initial photon number of cavity I is
bigger than 0, atom 	 will fall to state |g1〉	 after leaving
cavity I. However, if the initial photon number is 0, atom 	

will remain in state |g2〉	.

3. Step S3
1

Subsequently, atom 	 enters cavity II with a classical
Gaussian beam σ+

e at the right side and quantum field πe

in the middle. As the atom moves towards the classical field,
the state described by Eq. (21) evolves into[

α0|0〉Ia|0〉IIe +
(

2∑
n=1

αne
−nγ t |n − 1〉Ia

)
|1〉IIe

]
|0〉Ie|g2〉	.

(22)

This means that cavity II has one photon if cavity I has at
least one photon initially. Otherwise, cavity II has no photon
if cavity I does not have any.

4. Step S4
1

We use an ancilla qubit [25,31] to interact with cavity II.
The ancilla qubit has a down state |D〉q , a upper state |U 〉q ,
and an additional state |A〉q . The transition |U 〉q → |A〉q can
interact with cavity II with a detuning � (where � 	 gII, with
gII the Rabi frequency). The initial state of the ancilla qubit is
prepared by the Ramsey field L1 in Fig. 3 as

cos θ |D〉q + sin θ |U 〉q . (23)

The interaction Hamiltonian has the effective form [28]

Ĥeff = −�g2
II

�
(aIIa

†
II|A〉〈A| − a

†
IIaII|U 〉〈U |), (24)

where a
†
II,aII are the creation and annihilation operators of

cavity II. After time τ , the initial state

|�〉 =
[
α0|0〉Ia|0〉IIe +

(
2∑

n=1

αne
−nγ t |n − 1〉Ia

)
|1〉IIe

]

⊗ (cos θ |D〉q + sin θ |U 〉q) (25)

evolves into

|�(t)〉 = α0 cos θ |0〉Ia|0〉IIe|D〉q

+
(

2∑
n=1

αne
−nγ t |n − 1〉Ia

)
cos θ |1〉IIe|D〉q

+α0 sin θ |0〉Ia|0〉IIe|U 〉q

+ e(−ig2
II/�)τ

(
2∑

n=1

αne
−nγ t |n − 1〉Ia

)
sin θ |1〉IIe|U 〉q .

(26)

A phase element e(−ig2
II/�)τ appears when n � 1 and the ancilla

qubit is in the excited state.

5. Step S5
1

At this stage, we prepare an atom 	 in |g2〉	 and move
it in the opposite direction of x to pass through cavities II
and I [22,34,35]. The atom and cavity will undergo symmetric
transmissions from step S3

1 to step S1
1. After atom 	 passes

through cavity II, cavity II will be back to the vacuum state
and the whole state will be

|�(t)〉 = α0 cos θ |0〉Ia|g2〉	|D〉q

+
(

2∑
n=1

αne
−nγ t |n − 1〉Ia

)
cos θ |g1〉	|D〉q

+α0 sin θ |0〉Ia|g2〉	|U 〉q

+ e(−ig2
II/�)τ

(
2∑

n=1

αne
−nγ t |n − 1〉Ia

)
sin θ |g1〉	|U 〉q .

(27)

053826-5



ZENG, AL-AMRI, ZHU, AND ZUBAIRY PHYSICAL REVIEW A 93, 053826 (2016)

After passing through cavity I, atom 	 will be back to |g2〉	.
The final state reads

|�(t)〉 = α0 cos θ |0〉Ie|D〉q

+
(

2∑
n=1

αne
−nγ t |n〉Ie

)
cos θ |D〉q + α0 sin θ |0〉Ie|U 〉q

+ e(−ig2
II/�)τ

(
2∑

n=1

αne
−nγ t |n〉Ie

)
sin θ |U 〉q . (28)

The above processes show that we can obtain a quantum PHASE

gate.

6. Step S1
2

We can improve the above proposal and guarantee that only
when the photon number is bigger than 1 can there be a phase
shift. Achieving this goal, we need another kind of atom � as
shown in Fig. 4(b). Having M number of atoms �, they and
cavity I also have a dark state reading (n � M) [22,28]

∣∣�dark
n

〉 ∝ [−
�(t)/g�(t)]M |d · · · d〉|n〉Ie

√
(n − M)!/

√
n!

+[−
�(t)/g�(t)]M−1
M∑
i=1

|d · · · ci · · · d〉|n − 1〉Ie

×
√

(n − M)!/
√

(n − 1)! + · · · + |c · · · c〉|n − M〉Ie,

(29)

where 
� is the Rabi frequency between the classical field
and dipole |b〉� ↔ |c〉� and g� is the Rabi frequency between
the quantum field with one photon and dipole |b〉� ↔ |d〉�.

FIG. 7. Atoms � pass through cavities I and III. Cavity III has
resonant frequency ωe. There are classical laser beams propagating
through the cavities.

As shown in Fig. 7, at the beginning, we let one atom �

prepared in state |d〉� to move along the y direction and pass
through cavity I. The atom encounters the classical field σ+

bc

and then the quantum field πe. The state evolves according to

|d〉�|n〉Ie → |c〉�|n − 1〉Ie. (30)

Then atom � enters cavity III interacting with quantum field
πe in the middle and classical field σ+

bc at the right side. As a
result, atom � emits one photon into cavity III. This means that
we store one photon in cavity III if the initial photon number
of cavity I is larger than 0.

7. Step S2
2

Based on the outcome in step S1
2, there will be one photon in

cavity I if it has two photons initially. Otherwise, cavity I will
have no photon. Now atom 	 flies through cavities I and II. It
will experience steps S1–3

1 as before. The whole state evolves
as

( 2∑
n=0

αne
−nγ t |n〉Ie

)
|d〉�|g2〉	 cavity I−−−→ [(α0|d〉� + α1e

−γ t |c〉�)|0〉Ie + α2e
−2γ t |c〉�|1〉Ie]|g2〉	

cavity III−−−−→ [(α0|0〉IIIe + α1e
−γ t |1〉IIIe)|0〉Ie + α2e

−2γ t |1〉IIIe|1〉Ie]|d〉�|g2〉	
cavity II−−−−→ [(α0|0〉IIIe + α1e

−γ t |1〉IIIe)|0〉IIe + α2e
−2γ t |1〉IIIe|1〉IIe]|0〉Ie|d〉�|g2〉	, (31)

where cavity I and cavity III on the arrows denote the state
after atom � passes through cavity II and III. Meanwhile
cavity II denotes the state after atom 	 passes through
cavity II. It shows that only when the initial photon num-
ber is bigger than 1 can cavity II have one photon and
consequently there can be a phase shift as we discussed in
step S4

1.
Next we map the coherence stored in cavities II and III

back to cavity I. First, we prepare atom 	 in state |g2〉	 to
fly through cavities II and I as in step S5

1. Second, we prepare
atom � in state |d〉� to pass through cavities III and I. The
atom will carry the photon back to cavity I if cavity III has a
photon.

Our protocol also can be extended to a larger nmax and only
when the photon number is bigger than s can there be a PHASE

gate. We just need to add s atoms � to pass through cavities I
and III to store at most s photons in cavity III. Subsequently,
we do steps S1–5

1 and we can obtain a PHASE gate. Of course, in
this process, we should choose atom 	 to have suitable total
angular momentum.

IV. PROTOCOL TO REVERSE WEAK MEASUREMENT
WITH ARBITRARY MAXIMUM PHOTON NUMBER

In this section we show how to reverse weak measurement
with arbitrary maximum photon number by using the quantum
PHASE gates realized in the previous section. In Eq. (28) we

053826-6



PROPOSAL FOR REVERSING THE WEAK MEASUREMENT . . . PHYSICAL REVIEW A 93, 053826 (2016)

show that we can get the quantum PHASE gate

Qπ =

⎛
⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

⎞
⎟⎠ (32)

by setting τ = π�

g2
II

. Similar to Ref. [25], before the ancilla qubit
interacts with cavity II, we do a Hadamard gate (by Ramsey
field L2 in Fig. 3)

Hβ =

⎛
⎜⎝

cos β − sin β 0 0
sin β cos β 0 0

0 0 cos β − sin β

0 0 sin β cos β

⎞
⎟⎠ (33)

on the ancilla qubit. After the interaction, we do another
Hadamard gate (by Ramsey field L3 in Fig. 3) on the
ancilla qubit. We can construct a CNOT gate of Eq. (4) by
Hπ/4QπH−π/4 [see Fig. 1(b)]. The total effects of these
quantum gates yield the state shown in Eq. (26),

|�(t)〉 = α0 cos θ |0〉Ia|0〉IIe|D〉q

+
(

2∑
n=1

αne
−nγ t |n − 1〉Ia

)
sin θ |1〉IIe|D〉q

+α0 sin θ |0〉Ia|0〉IIe|U 〉q

+
(

2∑
n=1

αne
−nγ t |n − 1〉Ia

)
cos θ |1〉IIe|U 〉q . (34)

Next we measure the ancilla qubit and determine the
reversal of the quantum field state as in Eqs. (6)–(9). Then
we do step S5

1 in the previous section to obtain the cavity
state shown in Eq. (6). Subsequently, we do steps S1,2

2 in the
previous section followed by Eq. (34). Finally, we can reverse
the quantum field state.

As we discussed at the end of the previous section, we
can extend our proposal to a large value of nmax by simply
repeating the above procedures.

Our proposal requires the lifetime of the cavities and
atoms to be much longer than the total time of the reversal
process, which is limited by the cavity quality factor and

atom-cavity coupling strength. In our proposal, the atoms
are always in the ground state, so the atoms are sometimes
long lived. Recently, strong coupling between a single atom
and monolithic microresonator was observed [40]. Ultrahigh-
quality cavities also have been demonstrated with a quality
factor up to 109 in a wedge resonator on a silicon chip with a
dimensional size of hundreds of micrometers [41] and 1011 in
a calcium fluoride whispering gallery mode optical resonator
with a size of several millimeters [42]. This means that the
cavity lifetime can reach 100 μs. If the atom velocity reaches
thousands of meters per second, the time it takes for the atom
to pass through the cavity is about 1 μs. If nmax = 2, the total
reversal time will be about 20 μs, including the projecting
measurement time on the ancilla qubit set to 1 μs. This means
that the cavity lifetime can be much longer than the time of
the reversal procedure. With the progress of nanofabrication
technology [41], our proposal may be realized with improved
experimental parameters in the near future.

V. CONCLUSION

In summary, we have proposed a protocol to reverse the
weak measurement of a cavity field with arbitrary maximum
photon number, which may have important applications in
high-dimensional quantum information based on a real system.
Taking advantage of the adiabatic passage within the dark
states, we can realize quantum PHASE gates and subsequently
CNOT gates between the cavity field and an ancilla qubit, which
play a key role in the reversion. The success probability of our
proposal to reverse the state approaches e−2nmaxγ t .

Finally, we note that, compared to the proposal in Ref. [22],
this proposal involves more devices and is technically harder.
However, the advantage of this protocol is that our method
does not need any other weak measurement and consequently
can accelerate the reversal process, which is very important in
many applications.
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