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Abstract: We investigate the transfer of coherence from atoms to a cavity field initiallystatéstical mixture within a two-photon
micromaser arrangement. The field is progressively modified fronaxdmum entropy state (thermal state) towards an almost pure
state (entropy close to zero) due to its interaction with atoms sent acrosavitye /e trace over the atomic variables, i.e., the atomic
states are not measured and recorded by a detector after they leaawitiieWe show that by applying an external classical driving
field it is possible to substantially increase the field purity without the needeofqarsly preparing the atoms in a superposition of their
energy eigenstates. We also discuss some of the nonclassical statistpeatips of the resulting field.
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1 Introduction vacuum state. In previous papers it has been shown that in
micromasers undergoing either one-photoB] [or
In the past years there have been important advanceigvo-photon p] transitions, field states with a modest
regarding the control over both isolated atoms anddegree of purity may be generated from highly mixed
electromagnetic fields. It is of particular importance the states, even if one does not perform conditional
generation of pure states of quantized the field, not onlymeasurements on the atoms after they leave the cavity. It
for the study of the foundations of quantum mechanics,has also been shown that two-photon transitidjsafe
but also for applications in quantum computation andnormally more efficient compared to one-photon
guantum cryptographyl]. High-Q single-mode cavities transitions regarding the atom-field transfer of coherence
have been shown to be adequate systems for thgrocess. However, the degree of mixedness of the
generation and manipulation of quantum states of lightresulting field in those schemes is still considerably high.
[2]. In general, atoms conveniently prepared are injectedt would be therefore interesting to seek for ways of
inside a cavity, and their coupling to the quantized cavityimproving the process of transfer of coherence from
field can make possible, for instance, the generation ofitoms to the cavity field. Here we consider a situation in
nonclassical states of the field][ Other quantum effects, Wwhich the cavity is driven by an external field, so that
e.g., the atomic dipole squeezing, may also occur in each incoming atom simultaneously interacts with the
system in which atoms are sent sequentially through eavity (quantized) field as well as with the (classical)
cavity (micromaser), as discussed #).[The cavity itself ~ external driving field. We may find in the literature
is normally cooled down to its vacuum state, and the fielddiscussions about several aspects of the action of an
build up occurs by coherently adding photons to it. external field on the atom-quantized field system. In fact
Nevertheless, the radiation field in most ordinary its presence might give rise to some nonclassical effects,
situations happens to be in a mixed state (in thermalsuch as large time scale revivals (super-revival$)apd
equilibrium, for instance). It would be therefore enhancement of quadrature squeeziBl for instance.
interesting to investigate the build up of quantum states ofThere is also a proposal of a scheme of single-photon
light starting from mixed (thermal) states rather than thestates generatior®] using an external driving field. Here
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we study the influence of an external classical field on the
process of transfer of coherence from atoms to the
guantized cavity field in a two-photon micromaser. Our
aim is the generation of quantum states of light as pure ag
possible starting from a mixed state. We find that the
driving field brings us several advantages: a simpler
preparation of the atomic states is required (excited statg
|e) instead of a coherent superpositiog) + |g)); the
transfer of coherence process is faster than in the case i
which the external field is not present; the resulting field
is very close to a pure state and has nonclassica
properties as well. We are considering an ideal cavity,
although we are aware that cavity losses are an importan
source of decoherence that will for sure degrade the
process of transfer of coherence. We are not including
losses in our analysis because we would like to
investigate the main features of the influence of the Een

driving field. In order to characterize the generated field

we make use of representations of the field in number_ ) ) )

(photon number distribution) and cohere@-function) Fig. 1. Schematic representation of the two-photon micromaser
states as well as the second order correlation function3®"P-

9@ (0). The paper is organized as follows: in section 2 we

solve the model and calculate the field density matrix

after th'e passage of atoms through the cavity; in section gperator relative to the hamiltonian in equatidh s
3 we discuss our numerical results concerning the degree
of field purification using the linear entro mixedness Ty ATV AT RS
paramet%r). We also a%alize some of ttr)l)(/e (nonclassical U(t) =D (e")Up(®)D(e), 2)
statistical properties of the field, and in section 4 we here

present our conclusions.

Urp(t) = exp[—i)\t <2A}\az+ %éTéGZ+éTZU, +é20+)] ,
3)

2 The model is the evolution operator for the two-photon
) ] ] ] Jaynes-Cummings model amde) = exp(eal — £4) is

We consider a two-photon micromaser in which the gjayper's displacement operator.

injected (three-level) atoms are coupled to the cavity field  \ye assume that the cavity field is initially in a thermal

as well as to a classical driving field, in a configuration giate with mean photon numbser

shown in figure 1. If the intermediate atomic level is

highly detuned from the field, i.e., § = & — (Ee + Eg) /2 At ® "

is large enough, it may be adiabatically eliminated so that p(0) = ZOWWW (4)

we obtain the following effective hamiltoniad.() n=

- . wo R B R . and the atom in a superposition of atomic energy
H = howa a+ﬁ[7 +x(@ +ee @@+ 59'““)} o; eigenstatefy) and|e) states
A |@ e 0t @red o] @ gu) = blg) +ad?le). ©)

where A = 2g%/& is the effective coupling constant where the coefficienta andb have been taken real for
(being g = gig = Gei the coupling constants related to simplicity. Therefore the atom-field system is initially
one-photon transitions), andr, = Oeg, 0- = Oge prepared in the product staﬁéO):f)_f(O)®|%><qoa|__

0, = Oge— Ogg are the atomic transition operators. The ~ The joint time evolved density operator will be
parameterx = 2g?/3 is the dynamical Stark effect P(t) =U(t)Tp(0)U(t). We are interested in keeping the
coefficient. The cavity field has frequeney, and the interaction time as short as possible, in order to minimize

; Ny fi / ; the effects of dissipation. In our scheme there are no
classical driving field, of frequenay’ has an amplitude conditional measurements, i.e., the atomic state is not

(dimensionless) taken real for simplicity. We assume thateg|japsed by a detector and the atoms just fly away after
there is a detuningd between the cavity field and the crossing the cavity. We are mostly interested in the
atomic transition of frequencyy/2, i.e.,A = wy — 2w, dynamics of the field, so that we trace over the atomic
although the classical field itself is resonant with the degrees of freedom in order to obtain the field density

atom, i.e., w = w/2. We may write the evolution operator at a time, or p'(t) = Trap(t). As in reference
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[6], we may calculate the density operator in the numberresulting density matrix will be

state basis,p,ﬂ(n,n’) = <n|[),5(t)|n’>, after N atoms
prepared in superposition states as in equat®rhave

crossed the cavity

p,?,(n, n) = z pﬁ,fl(m‘n'{) zej.me?_n‘/ [{azaj(y)a;r(y)
mn? NG

+ Baj(e)arl(e) Jeinel

+ BB, (V)By MV +2)( + DI +2)(' + 1) ei2n€y s
+ @Bi()By (Vi - DI~ 1) ej-2n€y

+ iabe 0t (y) By (V)V/ (I’ +2)(I' +1) ejn€ly .

+ labe®a;(e)B{(e)V/T(i' = 1) ejnely i,

— iabd?B; (y)a, (v (I+2)(1+1) ez

~ iabe B, (¢)a) (€)v/1(1— 1) e-2ney |, ©)

with ej ande;/"j, given by

; e j—n n! j—n 2
ejn = (Ilen)=e"2 ¢! anj (1€

: R RN S L
€ iy = (Meli) =72 ()" 1/ .2y (Iel”), (1)

i’

P,xfj(na n) = Z P;Ij_l(m,”{) Z ej,me]'k/m
m,m’ IBK

jT/(V)eLn e i

+ aB;(&)By (£)V/1(1— DI'(I' — De-zaey 5| (14)

We note that its off-diagonal elements may be
populated, i.e.,o,f,(n, n') might be nonzero (fon # ')
even for an initial diagonal density matrix as the one in
equation 4). Because of the presence of the classical field
(¢ # 0), there are now sums ovgrj’ and m,n', which

make possible to havep,L(n,n’) # 0. In the present
scheme the action of the classical field somehow induces
atomic quantum coherence simultaneously to the
guantized field-atom interaction, differently from
previously discussed schemésd], which rely upon the
previous preparation of the atomic state in a Ramsey zone
before they enter the cavity. We would like to remark that
as the field becomes less mixed, the atoms, initially
prepared in pure states leave the cavity essentially in
mixed states.

X {azaj(y)a

where |&;n) = D(e)|n) are displaced number states and 3 Results

j—n

n are the associated Laguerre polynomials. The

coefficientsan(y) e Bn(€) are

an(y) = costt) +1 S (2 Xini 1)) o

an(e) = cogent) +iSmEntt) (ZA/\ +4mn- 1)) . )

n

&n
Buly) = 2SR, (10)
i) = a2, )
with
V= (§\+§(n+1)>2+(n+1)(n+2), (12)
&2 = (ZA)\+§\((n—1)>2+n(n—1). (13)

3.1 Field state purification

We now adopt a procedure similar to the one used in
reference §]. Initially, we fix the values of the parameters
A (detuning) andy (Stark shift coefficient). We are going

to look for a resulting field as pure as possible without
having the field energy reduced. We consider the situation
in which N atoms have already crossed the cavity, so that
each atom is able to transfer some “amount of coherence”
to the field. The field purity is normally quantified by the
parameter known as linear entrofy

{=1-Trl(p") =1- 3 |ox(n.)1%

n,n/

For pure state§ = 0, and for statistical mixtures of pure
states we havel > 0, behaviour similar to the von
Neumann entrop$= —Tr[pIn(p)]. We will numerically
determine under which conditions it is possible to
minimize {. The initial field is a (highly mixed) thermal
state ¢) having mean photon numbar= 5. Every atom

A particularly important result is that in order to entering the cavity is previously prepared in its excited
transfer coherence from atoms to the field, there is nostate |e). We have calculated the field evolution for a
need of having the atoms initially prepared in a range of times, in order to find the small interaction times
superposition of their energy eigenstates [see equatiowhich minimizes{ (maximizes the field purity) afteN

(5)]. A simpler atomic preparation, e.{g), is sufficient,

atoms have crossed the cavity. For simplicity we have

making unnecessary the previous passage of atoms in @onsidered the same interaction time for each atom. The
Ramsey zone normally used to prepare superpositions afptimum interaction time in this case ®~ 8.9/A. In

atomic states, as needed in the scheme discusséfl If [
the atom is initially prepared in state) (b = 0), the

figure 2 we have a plot of the linear entrody as a
function of the total number of atomN crossing the
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Fig. 2: Field linear entropy as a function of the number of
atoms, for different classical external fields &y 1.0, (b) € =
2.0 and (c)e = 3.0. The atom is initially in its excited statb &
0), the field in a thermal state having=5, andx/A =A/A = 1.

Fig. 3: Mean photon number in the cavity as a function of the
number of atoms. The same parameters as in figure

i i ) =
cavity, for different values of the classical field amplieud s less tha.n on(ze). For a thermal fig (0) = 2, anq.for a
€. We note that the linear entropy is very sensitiveeto coherent fieldy)(0) = 1. In our case we have verified that

For instance, fore — 2.0, the field purity considerably 9'(0) decreases, although the exclusive quantum regime
increases for a relatively small number of atoms. In thisis never reached, & (0) is always greater than one. This
case( reaches a minimum valugnin~ 0.18.Ife =1.0,a  may be seen in figure 4, where we have plogéeéi(O) as
considerably purer field is generated{m ~ 0.07),  afunction of the number of atoms crossing the cavity.
although it takes longer fof to reach its minimum value

after ~ 100 atoms have crossed the cavity, as shown in o )
figure 2. In both cases there is an increase in the meag-2-2 Representation in Fock and coherent state basis

photon number of the cavity field (figure 3). The Projection of the field state in the Fock basis (photon

number distribution, oR, = (n|p|n)), may turn evident
i i some nonclassical properties. In this case we note a clear
3.2 Nonclassical properties departure from the thermal (geometrical) distribution as
The resulting field after the process of transfer of shown in figure 5, where it it shown the photon number
coherence occurs is not only an almost pure state, but alsdistribution of the resulting field state aftéd = 100
has nonclassical features, for instance, statisticaptoms have crossed the cavity. The photon number
properties significantly different from the original theatn ~ distribution of such a field, shown in figure 5, is very
state. We are now going to calculate quantities which aredifferent from the distribution of a thermal state; we note

relevant to characterize the generated state. strong oscillations inP,, an evidence of nonclassical
behaviour which might be associated to the two-photon

_ interaction in our scheme. However the photon number
3.2.1 Second order coherence function distribution gives us just partial information about the

N tat f liaht be classified ding t field. A more complete characterization may be obtained
Quantum states of light may be classified according 0o uasiprobability functions in the coherent state

their optical (;ohe_rence properties. It is considered to be Dasis, which are basically representations of the density
guantum regime if the one-mode second order coh(::renc&)era’tor 5 in terms of functions. A convenient

functiong® (0) quasiprobability is th€-function, defined aslfi]

60 = e Q) = L(BIAIB).
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Fig. 4: Second order correlation function of the cavity field as
a function of the number of atoms. The same parameters as in

figure2.
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Fig. 5: Photon number distribution of the cavity field afteér=
atoms have crossed the cavity and vétk 1.0.
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Fig. 6: Qfunction of the cavity field aftell = atoms have crossed
the cavity and witke = 1.0.
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Fig. 7: Contour plots of the cavity fiel@ function afteN = 100
atoms have crossed the cavity with= —1.0 (in the left) and
£ =1.0 (in the right).

where|3) is a coherent state having amplituBle= X+ iy.

In figure 6 we have th&-function of the field after the
passage ofN = 100 atoms. We note a double peaked
structure, which resembles two superposed deformed
gaussians, which is displaced from the origin. As a matter
of fact such a displacement may be attributed to the action
of the classical field. This is clearly seen if we change the
sign of the classical field amplitude for € = —1.0, for
instance, th&-function is displaced towards the opposite
direction in phase space, as shown in figure 7, where we
have the contour plots of th@-function for the case of
€ = —1.0 compared to the case in whieh= 1.0.
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4 Conclusion [5] C. A. Arancibia-Bulnes, H. Moya-Cessa and J.J. Sanchez-
Mondragon, Phys. Rew 51, 5032 (1995).
We have presented a scheme comprising a two-photof6] A. F. Gomes, J. A. Roversi and A. Vidiella-Barranco, J. Mod.
micromaser in which the process of transfer of coherence Opt., 46, 1421 (1999).
from atoms to a field in a thermal state may be [7]S. M. Dutra, P. L. Knight and H. Moya-Cessa, Phys. Rav.,
substantially improved by coupling the atoms to a 49, 1993 (1994).
classical external field. We have shown that thel[8]F.L.LiandS.Y.Gao, Phys. RevA 62, 043809 (2000).
continuous action of the external field has important[9]H. Nha, Y. T. Chough and K. An, Phys. Re#,63, 010301
consequences: the degree of purity of the field is (2001).
considerably increased in a relatively short time and thel10] A. Joshi, Phys. RevA 62, 043812 (2000). _
atoms do not need to be prepared in superpositions oft1 D. F. Wallg and G. J. Milburn, Quantum Optics, Springer-
their internal states. The resulting field state is dispglace ~ Veriag. Berlin, (1994).
from the origin in phase space, a direct consequence of
the action of the external classical field. The field state
has also a nonclassical character; we have verified strong
oscillations in the photon number distribution of the field, Alvaro Fernandez
a distinctive nonclassical feature, although there is no Gomes is Full Professor
anti-bunching. A field with linear entropy as low as at Fundado Educacional
{ ~ 0.07 could be generated, in contrast to the case with de Barretos (FEB),
no assistance of a classical fiel®],[ which yields Brazil as well as at Centro
{ ~ 0.53. An important feature in our approach is that the Universitario de Rio
interaction times have been kept as short as possible, so Preto (UNIRP). He received
that a time of~ 102 sec is long enough to have around his PhD degree from
100 atoms crossing the cavity. This is convenient if one __a Universidade Estadual de
wants to minimize the destructive effects of field Campinas, Brazil, in the field
dissipation, which normally leads to loss of coherence. of Quantum Optics. He was

Here we wanted mainly to capture the main features ofthe Rector of the Centro Univeraiio of FEB from 2008
the model, e.g., the action of a classical external field, andg 2012. His main research interests are related to

we decided to investigate the dissipation effectshonclassical states of the quantized field and their
elsewhere. It is though apparent that some kind oOfinteraction with matter.

competition process between the atom-field transfer of
coherence and dissipation-induced loss of coherence will
be established if cavity losses are taken into account. Antonio Vididla-

Barranco is  Associate
Professor of Physics
at Universidade Estadual
de Campinas, Brazil.
He received his PhD
in the field of Quantum
Optics at Imperial College
London, United Kingdom.
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