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First, we study quantum coherence effects in two micromasers coupled in series
by sharing a common pumping atomic beam. We consider the complete two-field
system and focus on the quantum correlations arising between the two spatially
separated fields as atomic coherence is transferred from the first to the second
cavity. The scheme is analogous to Young’s double-slit experiment as we have
two indistinguishable atomic paths to reach the same final state. Quantum engi-
neering of entangled states of the two nonlocal micromaser fields is investigated
in the two cases when the final states of the atoms are measured conditionally or
nonselectively. We found that arbitrary steady state entanglement of the two non-
local fields can be produced in the form of entangled trapping states. These are
experimentally feasible in the short-time transient regime when dissipation does
not exceed a certain threshold. In the second part we show a way to translate en-
tanglement of the nonlocal fields into entanglement of spatially separated atomic
beams. The entangled atoms can have several applications in, e.g., studies of mn-
teratomic correlations in lasers and micromasers, teleportation, or tests of local
realistic theories. Here, in particular, we discuss an application to test comple-
mentarity using a Ramsey type setup. The correlation between the atoms provides
us with “Welcher Weg” information resulting in a destruction of the interference
fringes without leading to Heisenberg’s uncertainty principle. Manipulation of
information results in an experimentally feasible version of the “quantum eraser”.

1. Introduction

Micromasers [1] have been extensively used for direct studies of the quantum features
in the interaction of two-level atoms with a single quantized mode of the electromagnetic
field. This device can be used to generate different kinds of nonclassical states of the
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Fig. 1. Schematic arrangement of two micromasers coupled by a beam of two-

level atoms the
states of which are conditionally measured after the interaction. : ‘

radiation field [2-4] such as macroscopical quantum superpositions when Injecting the
atoms in a coherent superposition of the two levels into the cavity [5]. In the present
Daper we investigate two lossless micromasers coupled by the common pumping atomic
beam [6-8] as depicted in Fig.1. Atoms enter the first cavity in one of their two definite
states and then proceed to the second one without any time delay between the cavities:
In this case the atomic coherence to be injected into the second micromaser is prépared
by the first one. As we will see at optimum conditions, this can result in a quantum
superposition of the two ?Snwo@oovmow:% separated) micromaser fields. We assume
that there is at most one atom in the cavities at a time to avoid collective effects. The
final states of the atoms are measured after the interaction with 100% detector efficiency

obtained. This is called conditional measu
four simplest sequences of the final atomic s
?am:mmmnazmv schemes we require each atom to be injected and detected in the same

(different) states. We investigate the evolution of the fields under these schemes and
show that a correlation and ultimately a st

fields can arise due to the interference of t
to reach the same final state [7, 8, 10].
We want to note that the lecture

can be generated in the transient regime even when cavity losses and finite temperature
thermal radiation are present. We find that entanglement of fields is mx@mlamu_ﬁ:«
accessible for tens of milliseconds using presently available state of the art facilities!:
We refer the interested reader to Ref.[8] for further details. el

In the second part of the paper we show that nonlocal entanglement of fields.can
be translated into an entanglement of macroscopically separated atomic beams. These
atoms can have several applications from testing fundamentals of quantum mechanics to
studies of effects of atomic correlations in lasers and micromasers. Here, in particular,
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Fig.2 (a) Density plot of the mﬂ-vmﬁwmm%rm-
tribution of the fields in scheme a— M'M —a

at atom number k& = 50 for gr =« waml_zm
=~ from coherent fields of parameter o = 30.
The generated Fock states are wonmnmm at m.vro-
ton numbers that are square Enmmwwm minus
one under the envelope of the amplitude dis-
tribution of the initial fields.
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Fig.2 (b) The probability of detecting the up-
per state of atom number k in the scheme in

Fig.2(a).
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is organized as follows. The two-cav in Sect Il
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to generate entangled atomic beams and apply the latter in tests of comp
Section V is devoted to discussions and summary.
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2. Cou icr 1 iti
pled micromasers with conditional measurements of atoms

ing WMM us nwﬂmima two micromaser fields coupled by the common monoenergetic e
am ol two-state atoms (upper, [a), and lower, b)) i o
interact with the field in cavit, nd the o o, et e B e f
. . y 1 and then proceed to cavity 2 i ot
sider single quantized modes of i  the e o L) We e
the microwave radiation in th o
: the 1 e two lossless cavitjegs
Mwnmomﬂm:%.mam.ﬁ_:gA Hr.m interaction is resonant and we assume that there mommmin.m by
pooﬁw, M:M :M.Zm om<‘;_mm at a S.Em. The final states of the atoms are measured fny
ao:oMmam_,umn 1on .\_Mmmo_wwg, We investigate the two conditional measurement marm% h
5 _uomo:wu\ gm ’ M"—aand a— MM~ b indicating the state of each atom [ v
mom . an ?Mu am\w the two maser cavities, M’ and M”. We want to note rm“ navwon
emes, b0 — M'M" —b and b — M'M" — g id i el P
e . : : s provide very similar results (see
mm_omd WMMJMO; are not a_mm_mmom in this paper. The state of the fields mmmu the W@ﬁﬁw
eft but before the k** atom entered the cavity is given by -

¢y = 5™ w1, ) (2.1)
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where = sin(g’r'\/n7) and ¢! = ¥ . ’ ’

g and W_mnmumnio: i L\ n, = o.om@ 7'/M1) with atom-field coupling constant,

dC"  wi " €, 7', corresponding to the first and the double-primed R

an Q:um with ¢” and 7" to the second micromaser. Then, the state ow th m\%wnﬂme "

measured resulting in a reducti ) ’ e atom is

s g keduction of the state vector to a pure state of the fields given

k) — ar(k k o

TH\ vl. N v M ,H\M:v*:u_ﬂ:“:mv . Awwv

7,72
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Bach i . Th
ch measurement is followed by a renormalization of the state vector by N (). The

new amplitudes, ), are functi ot
i e mo_moém.rzﬁ ctions of the old ones, e:r:mﬁ and for our two schemes

k) glk—1) v 1" — -1 S S

nLn2 T Tnang Yny+1Yn, 41 ny—1,ny41 1”na41

(k) _ ylk-1 -
G:f:mlezfzuvlw M»._L.,m::\un*.@; Y _W“SQMMM s

fora~M'M"—q and a M’ o :
—M'M" —b, respectivel idi i i ion T

g M ¢ S ¥, providing us with the iteration 1
omw_an%_:_:m nrm%g_:roﬁ of the state of the fields from atom to atom. The probability
nding the k** atom in the desired state is . g ,.s

El ».H
PE = N gk = T (2:5)

ny,na
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Fig. 3 (a) Density plots showing the evolution of the amplitude distribution of the fields in
scheme a — M'M" — b starting from coherent fields for k = 0, where g7 = 0.3 for the first, 0.5
for the second and 0.8 for the third and fourth rows. The first and second rows represent the
correlated and uncorrelated regimes, respectively, while a transition between these two regimes
as well as a double-peaked distribution at k = 30 can be seen in the third and fourth ones.

The evolution of the two fields will be studied in the next section by iterating the
amplitudes according to one of the rules above starting from coherent states of the
two fields. We are going to investigate thie correlations building up between the two
micromasers as a result of the interference between the two paths that each atom can
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Fig.3 (b) The probabilities of detecting the lower state, |b), of atom number k in mnvmﬁm
a—M'M" — b during the evolution of the fields shown in Fig.3(a) for gr = 0.3, 0.5 and 08
depicted by the solid, dashed and dot-dashed lines, respectively. ‘

i b

follow when traversing the cavities. In order to do so we define mt*
by the nonseparability condition given by

((@ad)™) # @apyalm™ | (2.6)

where @; and a, are the field operators of micromasers 1 and 2, respectively. We would
like to draw attention to the fact that this is a correlation between fields of two different
micromasers, i.e. an entanglement of two nonlocal subsystems. Thus

order correlation

state of the other field located at 3 different poi
vector of m** order correlation is given by

(@) = wcsisviis,é ‘ ) ,.E.a

a possible production of which will be shown in the next section.

3. Transient and steady state entanglement from initial coherent states

Let us assume that both fields are initially in coherent states of the same amplitude;
@, given by .

antitne

[¥9) = fa,a) = " 30

ny,nz

In1, na)

ny! ng!

According to Eq.(2.6) the two fields are uncorrelated because their state vector is sep=
arable into a tensor product of two coherent states in the two cavities as _Qvnaexﬁu@
_QvSS@m. We are going to consider typical examples for the evolution of arm.,nm_mm.
for this initial condition using the energy-preserving and transferring conditional mea*

m:amSm:amnrm:‘_mmqm:uv_v;:marm oo:.mmvo:&:m:oSao:E_mmOm Eq.(2.4), and assuming
equal interaction parameters, g7 = g'7’ = ¢t in both cavities. ,

nt in space. One example of such state
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= ; (<)
50" atom.

in both

i heme, a — M'M" — a, the fields in
the case of the energy-preserving sc , . .
Swnwﬂammmnm settle to a superposition of Fock states where ﬁrw no:omwosa:ﬁ w_wﬂ

1 e

i tate. As a result of this the atoms are in

angles are multiples of 7 at steady s s : wre i
:vw@mnmmgﬂom before, between and after the cavities. In the mwav_m\awvﬁﬁm:m \ﬂ\: Wmmwﬂmﬂw

efore, P i
where a? = 30 and the interaction parameters are g7 = , (gr=4¢'T = w m‘w v: W oo
states are located at integer squares minus one, predominantly at 24 an 3
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Now, we want to combine these two kinds of schemes starting with the energy-
transferring one and then at an optimum number of atoms switching to the energy-
cnmmmninm one. This way the Fock states generated by the latter scheme will be located
ander the envelope of the fields generated by the former scheme at steady state. Let

energy-preserving scheme at g7 = 0.142, from

us start for example the system in the

uncorrelated coherent, fields of a? = 30. After 100 atoms the generated fields will

exhibit a long stretched distribution as depicted in Fig. 4(a) showing strong correlation
between the fields. This correlation would be destroyed by the atoms to come due to the
appearance of the oscillatory structures if the energy-transferring scheme was followed
any further. We switch our system to the other scheme instead. From the 101°¢ atom
we continue in the energy-preserving scheme using different parameters, g7 = /2.
(The interaction time can be changed in an experiment by changing the velocity of
the atoms.) After the next 900 atoms we get a superposition of three Fock states at
squares of even integers minus one depicted in Fig.4(b) that could be approximated
by the state, |99, 35) + |63, 63) + |35, 99) (unnormalized). This is approximately equal
to the steady state of the fields. A double-peaked superposition of the fields can be
produced if instead of 7/2 we chose g7 = 1.0 as new parameters. The generated fields
are depicted in Fig.4(c) and can be approximated with the state, |88,38) + {38, 88)
(unnormalized) showing a 504 order correlation at steady state. Although the method
is not particularly sensitive to the atom number where the switch is to be made, we show
what happens if we switch between the schemes too early in Fig.4(d): instead of k = 100
now at k = 50. Since the distribution at the moment of the switch is much broader this
time than it was in Fig.4(a) a peak at |38,38) can arise. The probabilities of detecting
the atoms in the desired states (|b) before and |a) after the switch) are depicted in Fig.5.
In principle, arbitrary superpositions can be produced by choosing the appropriate
initial coherent states and interaction parameters. In the energy- transferring scheme
gria| = m/4 needs to be satisfied in order to produce a stretched distribution. When it
is prepared we need to switch to new interaction parameters for the energy-preserving
scheme that will generate the desired Fock states assuring Rabi angles of multiples of

= under the envelope of the stretched distribution.

4. Entanglement of atomic beams: a tool to test complementarity

After having the entangled states of macroscopically separated fields prepared we
now want to utilize them to produce entangled states of distinct atomic beams. Em-
mic beams, one traversing the first and the other traversing the second
) the correlation between the two nonlocal fields can be translated into
n the two distinct atomic beams. Let us start from the atom-field

ploying two ato
cavity (see Fig.6
a correlation betwee

state given by
(In +m,n) £ |n,n 4+ m)) -85, 8Y) (4.1)
where |b!) and b}’) are the lower states of the it* atoms in beams 1 and 2, respectively.
(For the sake of simplicity we are going to omit normalization constants throughout the
test of the paper.) Apparently, the two atoms are initially uncorrelated, while the state

of the two fields exhibits m'* order correlation. Using the same interaction parameter,
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MMRMMM oR :wﬁrﬁima WEG" .nommarmw.é;r the second one of e**” angd R"

NFORMATION in beam 2. e

mﬁ .mou. __u_,_oar o@<_5mm satisfying the two equations, sin{gry/n) = 0 and qcm@ﬂ,\mg -
, sSimultaneously (or at 1 i 4 ]
Bl v ( east approximately) the final state after the first pair of ato

I _3.+3~|H‘dv._QM“@\KVH*S“:+§|Hv._o‘fmm\ : ,_. vawv
n the case of m = 1 the atoms and the fields disentangle into the EPR-state [11], +
b

lai, b)) £ b7, af)
of ?m.mnmﬁ (i = 1) pair of atoms and the number state In,n), of the fields.
periodically reconstructing the m = 1 field-state from |n, n) m& Msmumg&: subsequent
pairs of lower-state atoms through the cavities two beams om:“ be Eom_:omm Srm_mw, the
atoms are oo.ﬂm_mam& in pairs as shown in Eq.(4.3) for the #** pair. For hi her initial
mo_&-noﬁm_m:osmu m > 1, the atoms and the fields do not %mm:om:m._m. The M:vmma,

atom-pairs will also voooa.w correlated among themselves forming larger clusters ‘of *
oweﬂsmﬁm atoms. Various 5:.% of entangled beams of EPR-pairs or of arbitrarily largé
clusters of atoms can be engineered by using the proper initial states and interaction
wmg.amnm.am. The correlation between the atomic beams can be measured b .mm&oombm, :
(anti-) coincidences of atomic states using field ionization detectors. 15 8

Several possible applications of these entangled atomic beams can be envisioned st
pm. to study nrm. effect of interatomic correlations on the radiation fields of _mmm__w. and
5_.08_““5%5 driven .U% zz.w ﬁéw beams simultaneously. The singlet states of the' atom:
Wmmn:mnm aking the minus sign in Eq.(4.3)], in particular, play an essential rolé i he

; m:U y m:mmm.memm teleportation of quantum states [12]. The correlated beams could
Mxmhmlw: MMMQ M ?:amﬂmsg_ tests of m:m:?:: mechanics, as the wronou-oomzommmlmm
pertme _an m, experiments challenging local realistic theories [14], and others where |

o nEmm ) Mno“\sm would be employed 8. substitute for the entangled photons:: ¢’ J
e ot p ﬂ € propose another mxvmzamﬁmzu\ feasible application of thesecorre:

atomic beams to test the complementarity principle of quantum mechanics.iTo
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this end we are going to use Ramsey’s two-field method [15] that, when applying it to
a single uncorrelated atomic beam, can be summarized as follows. Starting from a def-
inite atomic state we apply two consecutive 7/2-pulses on the atoms as Ramsey’s first
and second fields of Q7 = 7/2 in each pulse where 2, Rabi frequency and 7, interaction
time. Between the pulses the relative phase of the atomic levels is shifted by e by,
e.g., differential Stark shift using a static field. The probabilities of finding the atoms
in definite final states display interference fringes. In the case of initial upper state, |a),

they are given by

Py = WC +cosa) (4.4)

where +(—) corresponds to the lower (upper) atomic state. The interference is the
consequence of the two possible atomic “paths” to reach the same final state, viz., after
the first pulse the atom is in a coherent superposition of the two states. The relative
phase of the superposition can be varied via ¢! in order to display the fringes.

Let us now apply Ramsey’s apparatus on one of the two entangled atomic beams
discussed above. As a result of the correlation between the atoms “Welcher Weg”
information about one of the beams can, in principle, be extracted from its correlated
pair and according to complementarity interference fringes are bound to disappear. This
can be seen by starting from the symmetric version of the correlated state of Eq.(4.3)
that, after the phase shift of ¢* and the subsequent classical Ramsey-field, R/, in beam

1 (Fig.6), ends up in the final state given by
ila’) - (S']a") + ie? C'[b")) — |b) - (C"]a") — ie™'S"[b")) . (4.5)

(Here, the first of the two coupled micromasers serves as Ramsey’s first field for beam
1.) The coefficients, S’ = sin(Q'7'/2) and C' = cos(€2'7'/2), are equal and factor out in
the case of a /2 - pulse (for /7' = m/2). The detection probabilities of the individual
atomic states and those of the {anti-) coincidences are constants showing no oscillations
as functions of o’ at all. As a consequence of the strong atom-atom correlation in
Eq.(4.3) the two spatially separated atoms serve as “Welcher Weg” detectors of one
another. The atomic state in one beam keeps track of the evolution of that in the other
resulting in no indistinguishable paths that could interfere. We want to emphasize
that, as in the interferometer schemes of Refs.[16], it is the correlation between the
“interference” atom and its “Welcher Weg” detector pair in the other beam that, via
making information available, enforces complementarity. There is no added noise in the
system of any kind that would lead us to Heisenberg’s uncertainty relation.

The information stored in the “Welcher Weg” atoms can, however, be manipulated
by applying a phase shift, ¢i®" and a classical field, R”, on the detector atoms in beam
2 (see Fig. 6). The new state vector starting from Eq.(4.5) reads as

&Am&c\q\%: + ms.Q:.m;Q::Q\“ Q:v + s.Tme\.w\Q: & me:Q\M:v?\u @:vl
|Am~.e\Q\Q: _ m_.Q:.m:,m.:v_Q\‘ &:v + Amn.o\.m‘\%: _ m_.Q:Q\Q:v_@J Q:v u Twmv
where the coefficients, 57, C' and S, C" corresponding to R’ and R”, respectively, are
equal and factor out in the case of m/2 -pulses (7' = Q"r" = n/2). The detection
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In the cavities correlati ese p warm.om: be manipulated by the interaction ﬁB@,m
maser fields. Four noE_MN.m oﬂ apcoutelating tie two macroscopically mmwﬁwoo&ximo&.
of the energy preservin _OM > Bmum.:noam:a schemes have been considered: in the:case
and detected in the mmamm m%ﬁmm@wzzmv schemes we require each atom to be m&mmn&,
it has been shown that msﬁmww”%“wmwwmwm meﬂw”m.:m m_aoa coherent states of the il
Jiice transi conditional measurement - canl pro-
et of Foo _Mmmnwam Mwmaw%m””wowaﬂ Mm the fields. In the case of m:wwm%-nnomwmwmwmmowwaﬁw
If the initial fields SM.@ rated at steady state under the envelope of the m:ma&_mmm&m
et Aooﬁm_mnomv ere :%Mwﬂm_mnma (correlated) the generated ones would be unce
to an energy-preservin . i s suggests that, by switching from an m:mnm%-:mmmmml?m«
dussd. i Pl oo W mmn eme, steady state correlation between the fields can vmvno.
under the envelope of th generated by the latter scheme will in this case be located -
sults in stendestis e correlated fields generated by the former scheme. Thisie-

y-state entanglement of the nonlocal fields such as described g\‘:_m ,m&.wmu .
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¢ of dissipations steady-state quantum super-

+ M) £ |n+ M,n). In the absenc
macroscopically separated fields — sometimes

jons of arbitrary number states of
d to as nonlocal “Schrodinger-cats”— can be generated.

As an application of entangled fields we have proposed experimentally feasible tests
plementarity based upon spatially separated (EPR-) correlated atomic beams.
sey interference fringes are detected (or not) in one of the beams, while “Welcher
information {or not) in its correlated pair. There is no added noise in the system
ould lead to Heisenberg’s uncertainty relation, complementarity is enforced by the
«nterference” atom and its “Welcher Weg” detector pair. The
le information and the contrast of the interference fringes can be manipulated

lassical Ramsey fields realizing the “quantum eraser”. We conclude by noting
can easily be envisioned. For example,

ave been realized with entangled photons

Teleportation of quantum states, EPR-
field are a few of

that wt
correlation between the
availab
using ¢
that further applications of entangled atoms
quantum optical experiments that, thus far, h

only can be redone with entangled atoms.

experiments, or the study of collective atomic effects on the radiation

the many possibilities.
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