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Abstract
Inspired by a previous work (Zheng and Guo 1998 Phys. Lett. A 244 512)
we propose a scheme for creating Fock states |2N 〉 of the quantized radiation
field using atoms driven by a classical field. This scheme is an alternative to
another published one (Maia et al 2004 J. Opt. B: Quantum Semiclass. Opt. 6
351). Comparisons between them and others are discussed.

Keywords: quantum state engineering, Fock states

Generation of Fock states has potential relevance for vari-
ous applications, such as secure quantum communication [1],
quantum cryptography [2], optimal capacity coding in quan-
tum channels [3], high-precision quantum interferometry [4].
However, the generation in laboratories is not trivial, mainly
when concerned with highly excited Fock states. Recent ex-
perimental results for one-photon [5] and two-photon [6] Fock
states have been achieved in high-Q cavities. From a theoret-
ical point of view, it has been shown that Fock states can be
prepared by superposing coherent states distributed on a circle
in the phase space [7, 8]. This has motivated experimental
schemes for generating certain kinds of such superpositions
as states of the quantized electromagnetic field, for stationary
modes trapped inside high-Q cavities [9, 10] and for travelling
modes [10].

In a previous paper Zheng and Guo [11] proposed a
cavity QED technique for generating arbitrary superpositions
of coherent states on a circle in the phase space. The scheme
relies on the interaction of a quantized cavity field with a
highly excited (Rydberg) atom driven by a classical field. In
the present report we propose convenient adaptations of this
scheme which allow us to obtain a family of Fock states |2N 〉.
This family is remarkable in the sense that it refers to a special
set of highly excited Fock states: |8〉, |16〉, |32〉, . . ..

Figure 1 displays the set-up used for preparing Fock states
inside a high-Q cavity: SA represents the ‘source of atoms’,
the ‘excitation’ prepares a highly excited (Rydberg) atom, ‘C’
represents the cavity, ‘MG’ stands for ‘microwave generator’,
and De (Dg) stands for the atomic ionization detector for the
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Figure 1. Scheme of the set-up for creating fields in Fock states.

state |e〉 (|g〉). The cavity is prepared at low temperature
(T � 0.6 K) in order to reduce the presence of thermal
photons [16].

The procedure in [11] employs the driven Jaynes–
Cummings Hamiltonian [13] modelled as

Ĥ = ωcâ
†â + ωa(t)Ŝz + g(â† Ŝ− + â Ŝ+)

+ ε(t)eiωL t Ŝ+ + ε∗(t)e−iωL t Ŝ− (1)

where â (â†) is the photon annihilation (creation) operator,
Ŝ± and Ŝz stand for the electronic flip operators, ωa(t) is the
frequency of atomic transitions between the excited state |e〉
and the ground state |g〉, ωc and ωL are the frequencies of the
cavity and classical fields, respectively; g is the atom–cavity
coupling constant and ε(t) is the amplitude of the classical
field.

In [11] the parameters ωa(t) and ε(t) are time dependent
and they are assumed as having external control. In the present
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scenario we do not need to vary the amplitude of the classical
field, and we will set ε(t) = ε, for convenience. This makes
the control of interaction times easier than in [11]. To be
pedagogical, we explain the time evolution of the system step
by step, as follows:

First step: consider the atomic transition frequency
initially resonant with the classical field and far off resonance
with the quantized cavity field. Hence the Hamiltonian
describing the atomic system acted upon by the classical field
is

Ĥdriven = ωL Ŝz + ε Ŝ+eiωL t + ε∗ Ŝ−e−iωL t , (2)

where ε = |ε|e−iπ/2 stands for the complex amplitude of the
classical field. As a result, the atom initially prepared in the
excited state |e〉 interacts with a classical field inside the cavity;
after a time τ it evolves to the state

|ψA(τ)〉 = cos(|ε|τ)|g〉 + sin(|ε|τ)|e〉, (3)

and setting τ = π/4|ε| one obtains

|ψA〉 = 1√
2
(|g〉 + |e〉). (4)

Second step: next tune the atomic transition frequency
to ω0 (hence far off resonance with the classical field), which
is dispersive with respect to the cavity mode ωc, detuned by
� = ω0 − ωc. This is implemented via the Stark effect
produced by a static electric field applied between the cavity
mirrors [14]. The effective (dispersive) Hamiltonian for the
atom–field system is [15]

Ĥdisp = 2g2

�
â†â Ŝz. (5)

Suppose now the cavity field is initially prepared in a coherent
state |α〉 (α = reiφ), which is accomplished by connecting a
microwave source to the cavity [16]. Thus, after an interaction
time τ1 the state describing the whole atom–field system
evolves into

|ψ(1)
AF〉 = |g〉|eiθ1α〉 + |e〉|e−iθ1α〉, (6)

with θ1 = (2g2/�)τ1. We note that in equation (6) the atom
crossing the cavity produces a conditional negative (positive)
phase shift in the field state when it is in the state |e〉 (|g〉).

Third step: remove the Stark effect on the atom and tune
it again to the classical field during the same time τ as for the
first step. So, after the interaction the atom–field state reads

|ψ(1)
AF〉′ = |g〉(|eiθ1α〉 + |e−iθ1α〉)− |e〉(|eiθ1α〉− |e−iθ1α〉). (7)

Fourth step: detect the outgoing atom in the state |g〉. This
completes the set of four steps and projects the cavity field in
the superposed state (up to normalization):

|
(1)
F 〉 = |e−iθ1α〉 + |eiθ1α〉. (8)

Next, repeating the four-step procedure for a second atom,
take again its initial state in |e〉 and the initial field state now
given by equation (8). So the final field state of the cavity,
constructed in a four-step procedure, works as the initial state
for the next four-step procedure. A straightforward calculation
following the previous procedure, after detecting the second

Table 1. Optimal values of r and the associated fidelities of |
(N )
F 〉

and |2N 〉.
N |2N 〉 rmax PN (2N ; rmax)

2 |4〉 2.01 0.799
3 |8〉 2.61 0.982
4 |16〉 3.58 1.000
5 |32〉 4.96 1.000
6 |64〉 7.33 1.000

atom again in the state |g〉, leads to the cavity field state (up to
normalization):

|ψ(2)
F 〉 = |ei(θ1+θ2)α〉 + |ei(θ1−θ2)α〉 + |e−i(θ1−θ2)α〉 + |ei(θ1+θ2)α〉

(9)
where θ2 = (2g2/�)τ2.

Proceeding further in this way, after the N th repetition of
the four-step procedure, plus all atomic detections in |g〉, the
field state generated in the cavity results:

|ψ(N)
F 〉 =

2N−1∑

j=1

(|eiγ jα〉 + |e−iγ jα〉) , (10)

with

γ j =
N∑

k=1

θk(−1)B
(N)
k ( j−1), (11)

where B(N)
k ( j −1) is a function of j −1 and represents the kth

position of the number j − 1 in the binary form with N digits.
For example, for N = 3 and j = 3, we have B(3)

1 (2) = 0,
B(3)

2 (2) = 1, B(3)
3 (2) = 0, since the number 2 (= j − 1) is

represented by 010 in the binary form with three digits. Hence,
according to equation (11) we obtain γ3 = θ1 − θ2 + θ3 − . . ..

Now, setting θk = π/2k and φ = π/2N one obtains

|
(N)
F 〉 = NN (r)

JN∑

j=0

(| − re
iπ j

2N−1 〉 + |re
iπ j

2N−1 〉), (12)

where JN = 2N−1 − 1; NN (r) stands for normalization,
with r = |α|. Equation (12) recovers the result obtained in
equation (5) of [9].

The statistical distribution corresponding to the state given
in equation (12) reduces to

PN (n; rmax) = 2N (r 2
max)

n

AN (r 2
max)n!

δn,2N , (13)

where

AN (r
2
max) =

[
22N e−r2

maxNN (rmax)
2
]−1

(14)

and rmax is the value of r yielding the Fock state |2N 〉 with
maximum fidelity. Table 1 shows the optimal values of r
producing the Fock states |2N 〉. Here note that the fidelity
of our desired state is obtained from the statistical distribution
PN (n; rmax), for n = 2N .

To be more specific we discuss the generation of the
Fock state |8〉 using a Rydberg atom with the states |g〉 and
|e〉 having principal quantum numbers 50 and 51 with a
transition frequency 51.1 GHz [17]. We take typical values
for the involved parameters in [17] for the coupling constant
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Table 2. Values of the interaction times for the each atom to
generate the Fock state |8〉.

kth τ = π

4|ε| τk = �

2g2 θk τall = 2τ + τk

atom (µs) θk (µs) (µs)

1st 4 π/2 56 64
2rd 4 π/4 28 36
3th 4 π/8 14 22

g � 4.2×105 s−1, the cavity length Lc � 1 cm, |ε| � 2.5×105,
damping time tcav � 10−2 s [17, 18]. Setting the detuning� =
30g, these data lead to the interaction times shown in table 2 for
the successive atoms. This result requires Rydberg atoms with
velocity va � 150 m s−1 (which belongs to the typical interval
available in laboratories: va ∼ 70–500 m s−1 [17]) since this
velocity corresponds to the flight time inside the cavity of
Lc/va � 67 µs, greater than the total interaction time for each
atom. In table 1 we obtain r = 2.61 for the number state |8〉,
which produces the decoherence time td = tcav/2r 2 � 734 µs,
greater than 122 µs (which is the sum of total interaction times
for three atoms). So the scheme is experimentally feasible
within the realm of microwaves.

In summary, we have discussed a scheme alternative to
that of [10] creating a certain family of Fock states, |2N 〉. We
are only concerned with the stationary case in [10]. The present
method constitutes a convenient adaptation of a previous work
introduced in [11], for the generation of arbitrary superposed
coherent states over a circle in the phase space. A comparison
of the present scheme with that in [10] is pertinent. First,
they have in common the second and fourth steps, but the
two Ramsey zones used in [10] are replaced here by the two
interactions of a classical field with the atom crossing the
cavity (first and third steps). Second, in both schemes one
must control the atomic velocities; since they are different
for different atoms in [10], and they are the same here, this
seems to make the present scheme advantageous. However,
this advantage may be only apparent, since the control of
different velocities in [10] is replaced here by the control
of the interaction times of the atom with the classical and
quantized fields inside the cavity. Hence the present scheme
is better than that in [10] whenever the control of successive
atom–field interactions inside the cavity, proposed in [11],
is easier than controlling the successive atomic velocities,
used in [10]. Another pertinent comparison is one concerned
with a previous method given by Szabo et al [8], which
requires N atoms crossing the cavity to generate an arbitrary
superposition of N + 1 coherent states and so would require
2N − 1 atoms to create the state |
(N)

F 〉. Here, by dropping the
generality, we obtain a specific superposition of 2N coherent
states using solely N atoms which, by appropriate choice
of parameters, corresponds to the highly excited Fock state
|2N 〉. Similar conclusions occur when comparing with [17].
Comparisons with a scheme given by Law and Eberly [19] and

another given by Domokos et al [20] are also pertinent. In
the first case, although only a single (three-level) atom is used
to create a Fock state |M〉, the number of operations resulting
is 2M . For example, to create the state |8〉 one might realize
16 successive operations with the atom in the scheme [19],
whereas in our scheme nine operations are realized. So, the
scheme in [19] is more economic than ours as regards the
number of atoms, but it is less economic than ours as regards the
number of operations realized with the atom inside the cavity.
In the second case [20], the authors also propose an interesting
scheme for creating Fock states. They use a single atom which
interacts with two modes of the same cavity by transferring
photons from one of them to the other. The procedure has good
accurary for Fock states around |5〉 whereas the present scheme
is able to generate Fock states having higher excitations, e.g.,
|8〉, |16〉, |32〉, . . ., but at the expense of using a certain number
of atoms, 3, 4, 5, . . ., respectively.
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