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Abstract. We investigate the phase probability distribution (PPD) of a single-mode micromaser pumped
by atoms injected in the most general case, i.e. in the superposition of the upper, intermediate and lower
states by the Monte Carlo wave function approach. The phase properties of the cavity mode are greatly
influenced by the relative phases and the amplitudes of the polarized atoms, and the detunings between
the atom and cavity. The cavity field has a single preferred phase if the cavity is pumped by the atoms in
the superposition of the upper and intermediate states or of the intermediate and lower states. However,
a double-peak feature appears in the PPD of the cavity field when the cavity is pumped by the atoms in
the superposition of the upper and lower states. With appropriate detunings, the double peaks become
narrower and more remarkable, which shows the better defined phase of the cavity field, as compared to
the resonant case. The PPD displays complicated characteristics when the cavity is pumped by the atoms
in the superposition of the upper, intermediate and lower states. The phase distribution changes from a
single peak to double peaks and to another single peak when we modulate the phase of the intermediate
state, which has been explained in the semi-classical radiation theory.

PACS. 42.50.Pq Cavity quantum electrodynamics; micromasers —42.50.Ar Photon statistics and coherence
theory — 42.50.Gy Effects of atomic coherence on propagation, absorption, and amplification of light;

electromagnetically induced transparency and absorption

1 Introduction

With the breakthrough in technology, cavity quantum
electrodynamics (QED) in the strong coupling regimes
has become a very active field of research ranging from
experimental tests on fundamental problems in quantum
mechanics to the implementation of basic processes for
quantum information [1]. The basic core of cavity QED
is involved with the so-called Jaynes-Cummings model
(JCM) which describes the interaction of a single two-level
atom with a single mode of the quantized electromagnetic
field [2]. A micromaser is the experimental realization of
the JCM or other similar models [3], which mainly in-
cludes one- and two-photon transition processes. Many
non-classical effects, such as trapping states [4], and Fock
states [5], have been observed in the one-photon, two-level
micromaser. Very recently, many authors have investi-
gated various one-photon micromasers with initial atomic
coherence [6-8]. In parallel, two-photon micromasers are
naturally another important subject of research [9-13],
since the two-photon process can emit photons in pairs, so
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that it leads to some interesting phenomena greatly dif-
ferent from the one-photon process. About 20 years ago,
the theory of a two-photon micromaser was firstly estab-
lished by Brune et al. [9] and Davidovich et al. [10]. Then
the two-photon micromaser was experimentally realized
by Brune et al. [11]. Later, the theory of this two-photon
micromaser was further developed by Ashraf et al. [12]
and Toor et al. [13]. However, little attention has been de-
voted to field’s properties in the two-photon micromaser
with initial atomic coherence, so far.

How to build a coherent field in a micromaser is a very
meaningful question in quantum optics. The energy en-
tanglement between the atom and the cavity photons does
not imply the excitation of coherences of the cavity field:
the steady-state density matrix is always diagonal even if
the field is initially prepared in a coherent state. Actually,
cavity mode coherences can be induced and exhibited at
steady state only if the cavity is pumped by atoms pre-
pared in superposition states. In this case the cavity mode
can develop a preferred phase, i.e. an appreciable value of
the electromagnetic field expectation value. In this pa-
per, we intend to investigate the field’ phase properties
of the two-photon mciromaser pumped by atoms in the
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Fig. 1. Atomic level configurations used throughout this
paper.

superposition of the upper, intermediate and lower states
by the Monte Carlo wave-function (MCWF) [14,15] ap-
proach. We focus on how to manipulate the phase of the
cavity field by adjusting the relative phases and the ampli-
tudes of the polarized atoms, and the detunings between
the atom and cavity.

The present paper is organized as follows. In Section 2
we introduce the theory of the two-photon micromaser
with initial atomic coherence, and derive the master equa-
tion of the cavity mode. In Section 3 we investigate the
phase probability distribution of the cavity mode by the
MCWEF approach. In Section 4 we discuss an experimental
observation of our results and close our paper with some
final remarks in Section 5.

2 Model and theory

As we know, a true micromaser consists of a single mode
high-Q resonator in which a monoenergetic beam of ex-
cited atoms are injected at such a low flux that, at most,
one atom at a time is present inside the cavity. In our
model, the injected atom is in a cascade three-level con-
figuration as shown in Figure 1. The exact two-photon
resonance between the upper state |a) and the lower state
|c) is assumed and the intermediate state |b) is detuned
from the exact one-photon resonance, with the detuning
defined by

A=w—(wg —wp) = (wp — we) — w, (1)

where w is the frequency of the resonant mode of the mi-
cromaser cavity. The frequencies related with the atomic
states |a), |b), and |c¢) are wq, wp, and w,, respectively. The
Hamiltonian in the interaction picture can be expressed as:

—iAt iAt)
—iAt )7 (2)

where g7 and go are the coupling constants for the tran-
sitions |a) — |b) and |b) — |c), respectively. The quantity

H = hg1(aoape +atop.e

+ hga(aopee™ + aTome
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oi; = |9)(j| is the atomic polarization operator. As a re-
sult, the temporal evolution operator U can be theoreti-
cally acquired in this interaction picture, which obeys the
following equation:

ou
ih— = HU. 3
"ot ®)
Through tedious mathematical calculations, one can ob-
tain the following expression:

1-— dG11€l+ —iglle —dGlgd
Ur)=| —igiQ*Ta* ot —igaQa |, (4)
—&+G21d+ —i92€l+Q 1-— d+G22d
where
A=giata+ giaa™ + A% /4,
Ay =gi/(giata+ g3aa™),
Aoz = g3/ (gia*a+ gsaat),

Az = As1 = g1go/ (gfaTa + gsaa™),

Q= sin(\/ZT)e_iAT/2/\/Z,

O = (cos(VAT) + (iAsin(v/Ar) / 2VA))e iAT/2,
Gi11 = A11(1 = 0), G2 = G21 = A12(1 = 0),
Gz = Asa(1— O).

Assuming that the atoms injected into the cavity are in a
superposition state of the upper state |a), the intermediate
state |b) and the lower state |c), which can be written as:

|¢A> =C, |a> + G |b> +Ce |C> . (5)

If such atoms enter the cavity, the initial density matrix
of our system is:

Paa Pab Pac

par (to) = pa (to) ® pr (to) = | pra oo Poe | @ pr (to),
Pca Pcb Pcc

(6)

where pp (to) is the initial field density matrix and

pij = CIC’]* (Z,] =a, b, C) .

By using equation (4) it is easy to write the field reduced
density matrix after one atom has passed through the cav-

ty:
pr(to +7) = TralU(7)par (to)UT (7))
= Jpr(to) " + Kpp(to) K+ + Lpp(to) LT
= Mgypr(to), (7)

where Tr 4 represents the trace over the atomic variables
and we have defined:

J=C,(1—aGria") 4 Cy(—ig1aQ) + Co.(—aG124d),
K = Co(~igiQ*at) + O™ + Co(—ig2Qa),
L = Co(—atGo1a™)+Cy(—igaat Q)+ Co(1 — a™ Gaoadr).
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According to the wusual statistical treatment for a
Poissonian pumping, one can obtain the following mas-
ter equation (ME) (here we have ignored the subscript F'
for convenience):

§(8) = b () + New (M, — 1) p (1), (8)

where N, is the average number of atoms that traverse

the cavity during the lifetime of the field, and 7 is the
Liouville super-operator, which can be expressed as:

iplt) = ~E [2ap(t)at — a*an(t) — plt)atal
+ % [2a* p(t)a — aat p(t) — p(t)aat],  (9)

with n, being the average number of thermal photons.
Note that in equation (8) atomic coherence induces off-
diagonal elements of the cavity mode density matrix. In
general, it is rather difficult to obtain a analytical solution
to equation (8) in the steady state. Here we apply the
MCWF approach to simulate the master equation given
by equation (8).

By applying equations (7) and (9) to equation (8), the
ME can be written in the Lindblad [16] form as follows:

where the jump operators

él = ‘/Nea:j; ég = \/Nemk, C’g =V Ne:nf/a
Co=VTTma, Cs=ma, (11)

describe the instantaneous changes of the cavity field state
induced by coherent (C}2,3) and incoherent (Cy ) pro-

cesses, and H.g is an effective non-unitary Hamiltonian

N h e
Hefj‘ = -3 [Nex + np + (1 + 2nb)a+a] )

- (12)

which describes the continuous evolution of the cavity field
between the quantum jumps.

The form (10) of the ME is the most suitable for
the application of the MCWF approach [14]. By this ap-
proach we can calculate the time evolution and steady-
state values of all relevant observables and distributions.
Here we are only interested in the phase probability distri-
bution (PPD) of the cavity mode as defined by Pegg and
Barnett [17]:

P,T)= % Z Pyn (T)exp i (m —n) 6, (13)
m,n=0

where p?,, (7) is the field’s density matrix elements in the
steady state.
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Fig. 2. The PPD of the cavity field influenced by the thermal
photons at a fixed interaction time when the cavity is pumped
by the atoms injected in the superposition state with |Cq| =

|Cy| = Vv2/2, C. =0, and ¢ = 0.

3 Numerical results

In this section we investigate the phase properties of the
cavity field based on equation (13) by the MCWF ap-
proach. On transferring of atomic coherence to the cavity
field, we consider the following three factors: atomic polar-
ization amplitude and phase, and the atom-field detuning.
For simplicity, we assume that g = g2 = ¢. In general,
the following parameter values are fixed throughout this

paper:

Nep =10, A=0,n, =10"% and g7 =0.137, (14)

if they are not noted specially.

3.1 The case when the atom is in the superposition
of the upper and intermediate states
or of the intermediate and lower states

First consider the case when the atoms are initially pre-
pared in the superposition of the upper and intermediate
states: C, = \/§/Zei¢, Cy = \/5/2, and C, = 0(¢ =0),
where ¢ is the relative phase between the upper and in-
termediate states. The effect of temperature is presented
in Figure 2. As seen from this figure, the single peak of
the PPD becomes broader and less remarkable with the
increase of the thermal photons. Even ny is up to 1, the
phase of the cavity field can still have a well-defined pre-
ferred value. When n; < 1, therefore, the pumping atom
can efficiently transfer its coherence to the cavity field.
On the other hand, one can observe from Figure 2 that a
peak occurs at the value of § = 0.57. This phase, which
is determined by the Hamiltonian form of the system, has
no any physical meaning. Therefore it should be viewed
as a phase reference.
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Fig. 3. The PPD of the cavity field for both different posi-
tive and negative detunings when the cavity is pumped by the
atoms injected in the superposition state with |Ca| = |Cy| =

V2/2, C. =0, and ¢ = 0.

In Figure 3, we show the phase shift with different de-
tunings at a fixed interaction time. For positive detunings,
the single peak moves to a larger value on the right side.
For negative detunings, however, the single peak moves to
the reversal direction, as compared to the case of positive
detunings. When we increase the atom-field detuning, the
PPD becomes broader and broader, and finally becomes a
straight line. In resonance case, the intermediate state pro-
vides a temporary stage of jumping from |a) — |b) — |c¢)
for the electron, and the best transfer of phase coherence
from the atom to the field in the cavity. With increasing
the detunings, the role of the intermediate level becomes
less and less important, and when A/g = 15 (—15), the
electron in the upper level will transit to the lower level
directly without the help of the intermediate level. Then
the preferred phase of the cavity field will becomes dis-
ordered at a large detuning. Thus we can modulate the
detuning in order to get a preferred phase. These results
show the possibility of manipulating the phase of the cav-
ity by adjusting the detuning.

When the cavity is pumped by the atoms in the super-
position of the intermediate and lower states, which can be
expressed as follows: C, = 0, Cp = \/5/2€i¢, and C, =
\/5/2, the PPD of the cavity field is similar to the cor-
responding one (n; = 0.0001) in Figure 2, but the peak
values are smaller than the latter; see Figure 4. If we ad-
just the relative phase of the coherent atoms, the single
peak will be shifted. In Figure 4, when ¢ = 0, the peak
appears at 8 = 7/2. With the increase of ¢ to w/4, w/2,
the peak moves to 8§ = 37/4, . So the peak is located at
0 = /2 4 ¢ according to the phase ¢ of the intermediate
state. It is very obvious that we can control the phase of
the cavity field by adjusting the relative phase ¢ of the
polarized atom.

The single peak of the phase distribution is considered
to be induced by the one-photon transition process. Since
the atom transits from |a) — |b) (if the atoms are injected
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Fig. 4. The PPD of the cavity field pumped by the coherent
atoms with different phases. Atoms are in the superposition
state with ¢ = 0,7/4,7/2 and C, = 0, |Cy| = |Ce| = v/2/2.

in the superposition of the upper and intermediate states)
or |b) — |c) (if the atoms are injected in the superpo-
sition of the intermediate and lower states), one photon
with definite phases is emitted which has been figured
out, for example, in the phase distribution of Figure 4.
The two-photon transition process cannot contribute to
the phase of the cavity field, since two photons with no
definite phases are emitted by the atom transiting from
la) — |c).

It should be also noted that for the resonant interac-
tion it is not surprising that there is little difference be-
tween the PPDs of the cavity field pumped by polarized
three-level atoms and by polarized two-level atoms [6,7],
since the two systems are all determined by one-photon
transition process.

3.2 The case when the atom is in the superposition
of the upper and lower states

If the cavity is pumped by the atoms in the superposition
of the upper and the lower states which can be written as
follows: C, = \/§/Zei¢, C, =0, and C, = \/5/2, double
peaks appear in the PPD of the cavity field; see Figure 5.
The two peaks are all the same, and there is a spacing
of m between them. When ¢ = 0, one peak appears at
0 = /2, the other one at § = —m/2. With the increase of
¢, the double peaks move right to larger 6. From Figure 5,
when ¢ = /2 (—n/2), the double peaks are shifted to the
right (left) side by m/4. So the double peaks are located
at £7/2 + ¢/2, respectively.

Comparing with the single-peak structure of the PPD
in Section 3.1, the double-peak one in Figure 5 should be
attributed to the occurrence of a pure two-photon tran-
sition process. When the atom transits from |a) — |b) or
|b) — |¢), one photon is emitted. However, the phase of
this photon is random due to no definite phases in the
intermediate state. Thus the one-photon process cannot
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Fig. 5. The PPD of the field in the cavity pumped by the
coherent atoms with different phases. Atoms are in superpo-
sition states with C, = \/5/2€i¢, C, =0 C. = \/5/2 and
¢ =0, m/2.

0.0
-1.0

contribute to the double peaks of the phase distribution
and the phase of the field is induced only by the pure
two-photon process. In our system, we can conclude the
occurrence of the two-photon process with appearance of
the double peaks of the phase distribution.

Consider a more general case including detunings.
Here we choose another set of the related parameters:
|Co/C.| = 0.88 and g7 = 0.4827. The PPD versus de-
tunings is shown in Figure 6. The phase distribution still
displays a two-peak structure. For the resonant case, the
two peaks become lower and broader than the correspond-
ing one in Figure 5. With the increment of the detunings,
the two peaks are shifted to the right side; see Figures 6a
and 6b. By increasing the detuning from 0 — 8¢, the
two peaks become narrower and more remarkable; see Fig-
ure 6a. If the detuning is further enhanced from 8g — 20g,
on the contrary, the peaks are suppressed and broadened;
see Figure 6b. Therefore we can acquire the better defined
phase of the cavity field by adjusting the detunings.

3.3 The case when the atom is in the superposition
of the upper, intermediate and lower states

As shown above, the one-photon transition process can
induce a single peak and the two-photon transition pro-
cess can induce double peaks in the phase distribution.
It seems we can discern which transition process hap-
pens in the atom-field interaction by resorting to the
PPD of the cavity field. If the cavity is pumped by
the atoms in the superposition of the upper, intermedi-
ate and lower state, which can be expressed as follows:
Co =1/2e™, C, = /2/2¢', and C, = 1/2¢™/3, the one-
and two-photon transition process will coexist, and a com-
peting phenomenon will appear in the PPD of the cavity
field. Without general loss, we choose the phase in C, and
C. as 7 and m/3, respectively.
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Fig. 6. The PPD of the field in the cavity pumped by the
coherent atoms with different detunings. Atoms are injected in
superposition states with |Cy/C.| = 0.88, |Cy| =0 and ¢ = 0,
and g7 = 0.4827.

From Figure 7, we can observe the most peaked P (6)
at § = 57/6, if we adjust the phase of the intermediate
state as ¢ = (m+7/3)/2 = 2x/3. In this case the one-
photon transition process dominates the emission of the
injected atoms. The peak becomes broader if ¢ shifts from
¢ = 2m/3 to /6 gradually, and the double peaks are ac-
quired at ¢ = /6 which shows the two-photon transition
process taking place. However, if ¢ is adjusted from 7/6 to
—m/3, the peak at § = 57/6 disappears, while the peak at
6 = —m/6 becomes narrower and more remarkable. When
¢ = —m/3, finally, the most remarkable peak appears at
0 = —m /6, which shows the best-defined phase of the field
in the cavity.

According to Figure 7, the double-peak phase distri-
bution is acquired at ¢ = 7/6, and the height of the peaks
can be adjusted if we modulate the population amplitudes
of states |a), |b) and |c¢). As shown in Figure 8, if we let
|Ca] = |C¢|, the phase distribution becomes more peaked
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Fig. 7. The PPD of the field in the cavity pumped by the
coherent atoms with different phases of the intermediate state.
The atoms are injected in the superposition state with C, =
1/2¢'™,Cyp = V/2/2¢',C. = 1/2¢'™/3 and the phase ¢ of the
intermediate state is adjusted as labeled.

with increasing the value of |C, C,|. However if |C, | # |C|,
the phase distribution displays the competition between
the one-photon and two-photon transition process, as seen
from Figure 9. When we increase the value of |C,/C.| and
leave C = 0.2 unchanged, the double peaks will turn to
one peak gradually. Thus the two-photon transition pro-
cess will be replaced by the one-photon transition process
slowly as increasing the value of |C,/Cq|.

We employ the semi-classical theory [18] to explain the
procedure of phase competition when |CyCq| = |CICy|.
If the atom transits from |a) to |c) directly, it will emit
two photons at the same time, which will induce double
peaks in the phase distribution. If the atom transits from
|a) to |b) or |b) to |c), it will emit one photon with the
phase ¢ = ¢, — ¢p Or ¢ = ¢p — ¢, which will excite
a single peak in the phase distribution. The one-photon
transition process can be understood as the radiation of
an electric dipole. As to an atom in the cascade three-level
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Cu = |Cul €™, Cy = |Cy|e?, C. = |Ce|e™? and |C.C.| =
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Fig. 9. The phase distribution of the field in the cavity pumped
by the coherent atoms with different amplitudes. The atoms are
injected in such a superposition state with ¢ = 7/6, |Cy| = 0.2,
Co = |Cul €™, Cy = |Cy| e, Ce = |Ce| €™/3 and |C,/C.| =
1,5/3, 3.
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configuration, the dipole can be written as:

P (t) =|CyCal praexp (i (pa — dp) — i (wa — wp) 1)
+ |CECh| pev exp (i (¢ — pe) — i (wp — we) t) + c.c.
(15)
where
pba = e(blr|a), e = elc|r|b).
In our system, we get

(16)

©ba = Pcby Wa —Wp = Wp — We = W.
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If |CyCq| = |CCy| and we let |CFCql pap = |CiCh| ppe =
A, the dipole can be expressed as:

P(t) = Alexp (i (¢ — dp) — iwt)

+exp (i (¢p — @) — iwt)] + cc. (17)
From a semi-classical perspective, then the field radiated
is a sum of two terms, which will interfere together in the
cavity:

EWMet = gexp (i (g — dp)) + Eexp (i (B — ¢c))

= 2¢ cos (@—qﬁb) exp (l@) (18)

According to equation (18), the photon intensity will reach
a maximum at ¢, = (dq + @) /2, (da+ ¢c)/2— 7, and zero
at ¢p = (Pq + ¢c)/2 £ /2. Usually the peak of the phase
distribution is positively relevant to the photon intensity,
so the phase distribution will become more peaked with in-
creasing the photon intensity. When the photon intensity
becomes zero, the single peak induced by the one-photon
process will disappear and the phase of the field will be
defined by the two-photon process only.

As shown in Figure 2, the peak of the phase dis-
tribution appears at § = w/2 when ¢, — ¢, = 0,
then we set 7/2 as a reference point. As we change
the difference betweeng¢,and ¢., the peak will move ac-
cording to equation (18). It is very easy to decide the
place where the peak appears from equation (18), that
is if ¢b € [(¢a + ¢c)/2 - 7T/2a (¢a + ¢c)/2 + 7T/2]7 the
peak will appear at /2 4+ (¢q — ¢.)/2, or else if ¢, €
(B0 + 60)/2 + /2, (90 + 6.)/2 + 37/, the peak will ap-
pear at —7w/2 + (¢ — Pc)/2.

4 Experimental consideration

We should point out that the parameters in equation (14)
are without loss of generality. For different interaction
times, one can obtain similar PPDs, as shown in Figures 5
and 6. In this sense our results are robust to an experimen-
tal observation. When g7 = 0.137, the cavity field is very
strong, so that the PPDs become more pronounced. To ob-
serve the predicted results in the present paper based on
equation (13), an experimentalist must obtain density ma-
trix elements of the cavity mode in the steady state. Cou-
pling an electromagnetic field out of a “black-box” micro-
maser cavity is out of the question, because this operation
would drastically change the field state in the cavity. In-
formation on the cavity field must be obtained from probe
atoms. Several nondestructive schemes are contributed to
measure quantum states inside a cavity [19-22]. Very re-
cently, in reference [22] the authors have directly measured
the complete Wigner function W of the vacuum and of a
single-photon state for a field stored in a high- @ cav-
ity. Extensions to other cavity field states are also within
reach. One can extract the corresponding field-state den-
sity matrix elements from the measured Wigner function
by resorting to the procedure described in reference [23].
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Note that in reference [23] the researchers have experi-
mentally reconstructed the density matrices and Wigner
functions for various quantum states of motion of a Be™
ion harmonically bound in a trap.

5 Conclusions

In this paper we have formulated the master equation of
the cavity field pumped by atoms in the superposition
of the upper, intermediate and lower state and simulated
the quantum dynamics of the cavity field by the Monte
Carlo wave function approach. We have investigated the
phase distribution of the cavity field when the pumping
atom is initially prepared in three different superposition
states and focused on the transfer of atomic coherences
to the cavity field by adjusting the relative phases and
the amplitudes of the polarized atoms, and the detunings
between the atom and cavity.

The phase distribution turns out to be a single peak
when the cavity is pumped by the atoms in the superpo-
sition of the upper and intermediate state or the interme-
diate and lower state. The preferred phase of the cavity
field is shifted according to the relative phases of the co-
herent atoms and the atom-field detunings. If the cavity
is pumped by the atoms in the superposition of the up-
per and the lower states, double peaks take place in the
phase distribution of the cavity field. The double peaks are
shifted according to half relative phases of the coherent
atoms. And if we add appropriate detunings, the double
peaks become narrower and more remarkable. When we
take the atoms in the superposition of the upper, inter-
mediate and lower states as pumping resources, the phase
distribution of the cavity-field becomes very complicated.
The phase distribution displays the competition between
a single peak and double peaks which reflects the one-
and two-photon transition process, respectively. The am-
plitudes and phases of the coherent atoms play a very im-
portant role in the phase distribution of the cavity field.

Our investigation shows that it is perfect to manipulate
the phases of the field in a micromaser by adjusting the
relative phases and the amplitudes of the polarized atoms,
and the detunings between the atom and cavity.

Finally the state of the art of one-atom experiments in
the microwave regime allows for the experimental obser-
vation of the predicted phenomena.

This work is in part supported by the National Natural Sci-
ence Foundation of China. X.S. Chen would like to thank Chi-
nese National Key Basic Research Special Fund, Key Fund of
Chinese National Science Foundation (10234040), Key Fund of
Shanghai Science and Technology Foundation (02DJ14066).

References

1. The Physics of Quantum Information, edited by D.
Bouwmeester, A. Ekert, A. Zeilinger (Springer, Berlin,
2000)

2. E.T. Jaynes, F.W. Cummings, Proc. IEEE 51, 89 (1963)



404

3.

4.

5.

10.

11.

12.

The European Physical Journal D

D. Meschede, H. Walther, G. Miiller, Phys. Rev. Lett. 54,
551 (1985)

M. Weidinger, B.T.H. Varcoe, R. Heerlein, H. Walther,
Phys. Rev. Lett. 82, 3795 (1999)

B.T.H. Varcoe, S. Brattke, M. Weidinger, H. Walther,
Nature 403, 743 (2000)

F. Casagrande, A. Lulli, J. Opt. B: Quant. Semiclass. Opt.
4, S260 (2002)

F. Casagrande, A. Lulli, V. Santagostino, Phys. Rev. A
65, 023809 (2002)

S.D. Du, Y. Tanimura, J. Opt. B 4, 402 (2002), and ref-
erences therein

M. Brune, J.M. Raimond, S. Haroche, Phys. Rev. A 35,
154 (1987)

L. Davidovich, J.M. Raimond, M. Brune, S. Haroche,
Phys. Rev. A 36, 3771 (1987)

M. Brune, J.M. Raimond, P. Goy, L. Davidovich, S.
Haroche, Phys. Rev. Lett. 59, 1899 (1987)

Imrana Ashraf, J. Gea-Banacloche, M.S. Zubairy, Phys.
Rev. A 42, 6704 (1990)

13

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

. AH. Toor, S. Y. Zhu, M.S. Zubairy, Phys. Rev. A 53, 3529
(1996)
J. Dalibard, Y. Castin, K. Mglmer, Phys. Rev. Lett. 68,
580 (1992)

E.S. Guerra, C.R. Carvalho, J. Opt. B: Quant. Semiclass.
Opt. 3 260 (2001)

G. Lindblad, Commun. Math. Phys. 48, 119 (1976)

S. M. Barnett, D.T. Pegg, Quantum Fluctuations, edited
by S. Reynaud, E. Giacobino, J. Zinn-Justin (Elsevier,
Amsterdam 1997), pp. 564-575

Quantum Optics, edited by M.O. Scully, M.S. Zubairy
(Cambridge University Press, 1997)

P.J. Bardroff et al., Phys. Rev. A 51, 4963 (1995); P.J.
Bardroff et al., Phys. Rev. A 53, 2736 (1996)

Si-de Du, Lu-wei Zhou, Zhi-zhan Xu, Wen-qi Zhang, Yuan
Li, J. Phys. B: At. Mol. Opt. Phys. 31, 4895 (1998)

L.G. Lutterbach, L. Davidovich, Phys. Rev. Lett. 78, 2547
(1997)

. P. Bertet et al., Phys. Rev. Lett. 89, 200402 (2002)

D. Leibfried et al., Phys. Rev. Lett. 77, 4281 (1996)



