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Quantum coherence generated by quantum interference

Jean Claude Garreau )
Laboratoire de Spectroscopie Hertzienne, assati€CNRS
Universitedes Sciences et Technologies de Lille F-59655 Villeneuve d’Ascq Cedex, France
(Received 20 March 1995; revised manuscript received 10 July)1995

This paper deals with a system exhibiting quantum interference in the two-photon coupling between its
ground state and the continuum through two quasiresonant intermediate levels by two modes of the electro-
magnetic field. We show that this system can generate quantum coherence among the two field modes, the
internal and the external degrees of freedom. Two applications are discussed: generation of photon-number
correlations between the two modes, and selection of atoms in a given velocity class.

PACS numbes): 42.50.Gy, 42.50.Lc, 32.80.Qk

I. INTRODUCTION Although we have been considering here, for the sake of
In this paper we shall study the possibility of generation.CIamy’ the case of twdinteracting or not systems, these

of quantum coherence through selective two-photon ioniza'-deas can be shown to apply to different degrees of freedom

. . . . of a system: suppose that two degrees of freedom correspond
tion of an atom. Let us briefly review the main aspects of . b bled 4D If th di
guantum coherence, correlation and entanglement. to commuting observa 1 andD. I the corresponding

Consider two quantum systerSs andS,, with Hamil-  Hamiltonian is of the formH=H,+H;(D;) +H,(Dy), in
tonian operatordd; and H, having sets(E,(a),| ()} which H, does not d_epend ofand thus commu_tes with
(i=1,2) of eigenvalues and eigenvectots (epresents a set D, andD,, then the elgenvalues_of the system will be of the
of quantum numbers that characterizes completely the staf@™m Eo+ E1+Ez, whereE, are eigenvalues dfi;, and the
of the systeni). If the two systems do not interact, quantum igenvectors will be of thefactorized form |¢o)| )| 42),
mechanics states that the global Hamiltonian is just the su#ith |#;) being an eigenvector off;. Correspondingly, a
of the two individual HamiltoniansH=H,+H,. The cor- coupling potentiaV(D,D>,) will induce coherence between
responding set of eigenvalues and eignevectors for the totdi€ two degrees of freedom. All the preceding results apply
systemS, + S, is {Eq(a)+Ex(a’),|¢a(a))|s(a’))}. Oth- to the present case. The only restriction is that the degrees of
erwise stated, the base of eigenvectors is factorizable ifféédom correspond to commuting observables
terms of the eigenvectors of each individual system. This Consider now a coupling potentis(t) [with V(t)=0 for
property implies the following corollariesd) The density t<—T or t>T] between the two previously uncoupled sys-
matrix p of the global system in the base formed by thetems.V is a.coupllng potential if it containproducts of
global eigenvectors is also diagondR) The expectation OPerators acting on the syste@sands, (so that the global
value of a global observabézéléz, whereéi acts only Hamiltonian is no more the sum of the Hamiltonians of each

on the variables of the syster®, is also factorizable: system in which case the eigenvectors of the global system

= (DO H lari v d do not present the factorizable form. Then, even tiorT
(0)=(01)(O;). These corollaries are promptly demon- qer the end of the interactionthe state describing the
strated by projecting onto the basis of eigenstates. Corollary| p| systenS, + S, in general remains an entangled state:

(1) means that there is no coherence between the tWo Syfs renresentation in the base constituted by the tensorial

tems, whereas corollar2) means that the correlation func- product of the eigenstates & and S, is nonfactorizable.
tion for the operato© vanishes. On the contrary, if there is according to the discussion above, even after the end of the
a term in the Hamiltonian that couples the two systems, théyieraction, there will be quantum coherence between the
f_actonzauon property for the globa_l eigenvectors is not veri-yyg systems, and a global observable will in general have a
fied, and the general form of an eigenvedtdn) of the glo-  honzero correlation function. This property of quantum sys-
bal system when expressed in the base formed by the progsms — the survival of coherence after the end of any inter-
ucts |a(e))|ga(a’)) is [W)=2, o Ala,@)|[P1(2))[h2  action — has no classical analog and is at the origin of many
X(a")). The statgf¥) is often said to be an “entangled” intriguing problems, as, e.g., the famous Einstein-Podolsky-
state in this _base. Correspondingly, .the densit_y matrix haﬁosen(EpR, paradox 1] and Bell inequalitie§2]. The EPR
nonzero off-diagonal elements, reflecting the existence of coparadox is a particularly beautiful example of the correspon-
herence between the two systems and the opefatbas a  dence between correlation and entanglement.
nonzero correlation functionCy(0)={0;,0,)—(0,){0,) From the point of view of the applications, second-order
#0. guantum coherence in ofig] or two [4,5] modes of the light
field has allowed measurements with reduced quantum noise
(squeezinyg and the generation of coherence between inter-
“Electronic address: garreau@Ish.univ-lilled.fr nal and external atomic degrees of freedom by the interaction
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with laser light has been used in laser cooling and trapping OfE/h
atoms to temperatures in the micro-Kelvin rarige-10.

The coherence properties of the light field are naturally
affected by the interaction with atomic systems. In particular,
it has been recently shown that an atomic system possessing
a particular level structure can restore the quantum coherence
destroyed by lossg41].

In this paper, we study a system consisting of an “atom”

(i.e., a system possessing discrete and continuous parts in its
energy spectruininteracting with the electromagnetic field. 2w
The atom has two degrees of freeddimternal state and
center-of-mass movemendand interacts with two modes of
the electromagnetic field. The unperturbed Hamiltonians cor-
responding to these degrees of freedom do comrtintthe
dipole approximatio)) thus there is equivalence in talking
about correlation, coherence or entanglement. Obviously, the (]
precise type of entanglement, coherence or correlation, that
will show up will depend on the details of the problem. In
this context, we show how quantum coherence can be gen-
erated by quantum interference. The coherence may involve Vi Vnavs
the various degrees of freedom of the system: internal states,
external stategcenter-of-mass motignand electromagnetic 0
field states(photon numbercan become correlated as the lg >
interference filters some combinations of these states. The :

aim of the present paper is to discuss the physical mecha-

nisms underlying these phenomena.

The paper is organized as follows: in Sec. Il we present,
our simple model, which will serve as a paradigm for the
supsequent SeCt.IonS; we discuss the basic meChan.lsm couples the ground state to the intermediate §@fe and the
which quantum interference can _Iead to the' genergtlon Chtermediate statée;) to the continuum. We neglect the noninter-
quantum cohgrences; and we outline a re.allstlc physical Sy%éring couplings corresponding to the absorption of two photons in
tem having this property. In Sec. Ill we discuss the generag,e same modé&cf. text.
tion of coherence between the internal atomic state and the

field modes thanks to the light shift. In Sec. IV we study theyith H, being the total atomfield unperturbed Hamiltonian
mechanism producing correlations between internal and eXand v the coupling perturbation, with nonzero matrix ele-
ternal degrees of freedom due to Doppler effect, allowingments given by

velocity class selection. Finally, Sec. V summarizes the main
results obtained in the paper. (e1;n1—10,|V|g;ng,ny)= \/n—le (2.23

FIG. 1. Level structure and electromagnetic couplings for the
atom.” Mode 1 couples the ground state to the intermediate state
%j ) and the intermediate staje,) to the continuum, whereas mode
I

(€2;n1,n,— 1V|g;ny,np)=+nw,, (2.2
II. QUANTUM INTERFERENCE GENERATING

QUANTUM COHERENCE (S(85);n1— 1= 1|V]ey;ny— 1ny) = Vv (8)
2.2
Consider a system with the level structure shown in Fig. (2.29
1, that will be called “the atom.” The levels are coupled by S(8) N —1n—1IVIe, Nt no—1) = Vnwh( 8.
two modes of the electromagnetic field: Mode 1 couples the (s(85)ina= L0z = 1|V]eziny = 1)=nw3( (S)Z.Zd)

ground stateg) to the intermediate stae,) and the inter-

mediate statde,) to the continuum. Mode 2 couples the  Because of its two-photon coupling to the continuum the
ground state to the state,) and the statée;) to the con-  ground statég;n,,n,) acquires a finite lifetime. From sec-
tinuum. The two modes have the same frequeacynd the  ond order perturbation theof12,13, one finds a transition
intermediate statd®,) and|e,) have detunings resg; and  rate(inverse lifetim¢ given by

8, with respect tow. The continuum statés(d)) has a

detuning &5 with respect to 2 and the density of states is I _2_7Tf Ul_vi P 2 53
f(8s). The field modes are labeled by the photon numbers 9= 72 T2 h oy + AN 23
n, andn,. The states of the total atonfield system will be
noted|a;ny,n,), with a={g,e;,e,,5(d)}. where we putfy=1f(0), v;=v1(0), v3=v5(0).

The dynamics of the global system is described by a In writing this equation, we neglected two other types of
HamiltonianH of the form couplings connecting the ground state to the continuum,

namely, those corresponding to the absorption of two pho-
tons of the same mode. These couplings are not subject to
H=Hy+V (2.1 interference and are not interesting for the present discus-
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sion. This hypothesis will be discussed later in this sectionlll) and between the ground state and the center-of-mass ve-

For the moment, we keep the simple model in which thelocity (Sec. IV). In both cases, the underlying physical

ionizing photons are absorbed from different modes and thenechanism is exactly the same, and the only important dif-

corresponding amplitudes do interfere. ference is the relative weight of the light shift and the Dop-
As is well known, the energy levels of an interacting atompler shift.

are shifted by various perturbating effects. If these shifts are First suppose that the atom has been previously cooled to

comparable to the laser-atom detuniysand 5, (measured such a low temperature that Doppler effect is negligible com-

in the absence of perturbationshe ionization process can pared to the light shifts. In this case, Ed2.6) and (2.4)

become sensitive to these shifts. In EB.3) the detunings imply that the ground state will become correlated with

81 and 8, include the laser-atom detuning and the perturbaphoton-number states satisfying the relation

tions. We take into account here two kinds of perturbations:

the effects of the light shifti.e., the energy shift due to the N2=an;+u 2.7

nonresonant interaction with the electromagnetic fieldd .

of the Doppler effect, due to the motion of the atom: with

5:;_:51+ﬁ11n1+ﬁ12n2+ kll}, (243 a:Bll_ 7321, w= 51_752 .
YB22— B12 YB22— B2

The second application corresponds to the opposite limit
where g;; are the light-shift coefficient¢see Sec. ). k;  in which the light shift is negligible compared to the Doppler
(k,) is the wave-number corresponding to mode&@)landv effect. If we take in this case the two modes of the electro-
the velocity of the center of mass of the atom. magnetic field to be counterpropagativie, € —k,=k), the

Equation(2.3) is valid only if §;#0 andé&,+ 0, which we  kind of coherence that will be generated relates the atomic
suppose to be always the ca&® resonant intermediate internal state to the atomic external degree of freedom cor-

(2.8
8y= 85+ BoiN1 + Banp+Kov, (2.4b

level). responding to the motion of the center of mass. The ground
Consider now the interference effect. The condition forstate will be correlated with the velocity state havjo§ Eq.
perfect destructive interferen¢&' q(n,,n,;v)=0] is (2.9]:
, Ulvi , , vlvi Y62— 61
81=— 8,=17y6 =— . 2. =——" .
Ty 2T (Y vzvé) (29 "D 29

The ionization probability thus vanishes if the following con- As will be shown in Sec. IV, this method can be used for the
dition relating the system’s parameters and degrees of fregelection of a velocity class.

dom is satisfied: Let us now discuss the hypothesis we have made in ne-
B ok glecting the noninterfering couplings to the continuum. If the
017 ¥02= (YBa1= Br)MF (yB22= BrIN2+ (vka—ky)v. respective dipole matrix elements asg corresponding to

the coupling between the intermediate sia¢ and the con-

This equation is the key for understanding the generatiofinuum by absorption of a photon in mode the related
of coherence by interference: Suppose one starts with ®nization rates are
quantum superpositionEnlynZ’vA(nl,nz;u)|g;n1,n2;v> 5
Where-v is an eiggnvalue of the veloci.ty operator corre- ri:_zfoni(ni_l)
sponding to the eigenstate). After a timet such that h
['4(ny,ny;v)t>1 for all combinations ohy, n,, andv that ) .
do not satisfy Eq(2.5), there will be a correlation between First note tha_it thes_e transitions do not prevent_the quan-
the ground state and the staties,n,;v) that satisfy Eq. tum coherence involving the ground state to be built, as they
(2.5), as all other states have a great probability to have mad@duce irreversible transitions to the continudwe neglect
a transition into the continuum and are thus no longer correthe small recomblnqtlon probablllty_that can existin practhal
lated to the ground state. One thus sees that the quantuf@ses If the atom is found to be in the ground state, this
interference has generated a complicated kind of correlatiof@ansthat it has not followed one of these paths into the
among an internalground state of the atom, the modes of continuum On the other hand, the method presented here is
the electromagnetic field, and an external atomic degree dtandicapped by the presence of these transitions, as the prob-
freedom(the motion of the center of mass ability of finding the atom in the ground state after a given

Naturally, this coherence is obtained at the price of a defime will be smaller tha_n if these cou_plmgs were absent. If
crease in the probability of finding the atom at the groundVe take a “real” atom with aJ=0 (J being the total angular
state. The greater the degree of correlation, the lesser tfBomentum ground state coupled td=2, m=0,*2 levels
probability of finding the atom in the ground state. This is anin the continuum through &= 1, m= = 1 m/t’erm’fadlate level
important limitation of this method. [14], symmetry implies that;=v; andv3=v;, and the

Let us now outline two concrete examples of the generaClebsch-Gordan  coefficients ~ corresponding to  a
tion of coherence by interference that will be studied inJ=1—J=2 transition imply tha'v’l’/ui=\/5. The total tran-
greater detail in the following sections: the generation ofsition ratio is thuswe neglect the corrections on the detun-
coherence among the ground state and the field m@®es  ings in the following order-of-magnitude calculations

2

n

UiUj

ﬁ—éi, . (2.10
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2t VU] Uzvé‘z ,| U101 E/h
"'=T +T.+T,= + -
Fg=Tgt Tt lo==5 [”1”2 e, | 7o, | Y ho,
"2
2 [21%) 7
255, | (2.1

where we supposed that the photon numbers are high enough

to allows us to taken;—1~n,, n,—1~n,. The last equa-

tion can be rewritten, defining the quantity 2w .|
F12=(27Tf0/ﬁ2)n1n2|v1v1/ﬁ51|2, as

2

, 01 NG Nny[681\? NIATY
Fg—l“lz[ 1+5—2 +6n—2+6n—1 5 | (2.12
(51 62
where we used the relations between the different dipole ma- w—-  ----- A O IOl
trix elements discussed above,Ev,, vi=\6v}, etc). P T e >
Note, however, that due to the interferenég, can be
much smaller thaﬂfé. The effect of the noninterfering cou- o~ S
plings is thus to lessen the probability of finding the atom in Vi o
the ground state by a factor of abdute take| 5;|~|6,|)
n, n, lg >
exg —6| —+ —|'1t]. (2.13
np m

This factor can be very important compared to the ionization FIG. 2. The four-discrete-level model. The ground and the upper
due to the interfering paths, and can in certain cases forbigtates ard=0 levels and the intermediate states are magnetic sub-
the practical application of the present method. levels withm==x1 of aJ=1 level, the selection rules impose
There is a more complicated system in which the noninmodes 1 and 2 to be™ polarized, and the only possible couplings
terfering coupling is abserisee Fig. 2 In this system, the correspond to the absorption of one photon in each_modeFEor
quantum interference shows up in the two-photon couplinitrong enough, the upper levi) will behave much like a con-
between two discrete levels. It is thus possible to choose #uum itself.
two-photon transition between twd=0 levels via the
m= =1 magnetic sublevels of &=1 intermediate leve(in Having in mind this equivalence, we will only consider, in
which case modes 1 and 2 are circularly polarized in oppothe rest of this paper, the simple model in which there is a
site sens@sThe upper level is coupled to a continuum by thedirect two-photon coupling to the continuum and the nonin-
interaction with another mode of the electromagnetic fieldterfering couplings are neglectéig. 1).
The detailed dynamics of this system is somewhat compli-
cated and will be studied elsewhdrs]. However, within
certain conditions, one can show that this system is equiva-
lent to the simplest one considered before. Intuitively it is
easy to understand that if the transition rdtg from the In this section we study the generation of quantum coher-
upper level to the continuum is very high compared to itsence among the field modes and the ground state due to the
coupling to the other levels, once the system arrives in theombination of light shifts with quantum interference. This
upper level it will in almost all cases make a transition into coherence, as we will see, can be transferred to the field by a
the continuum, and everything happens as if the upper leveheasurement of the atomic state giving as a result the ground
were aJ=0 continuum. More rigorously, one can show, us-state. In order to simplify the formulas, we will study the
ing the well-known Fano approad¢ii6], that in the case of simple case in whichy=1[cf. Eq. (2.5]. This hypothesis is
strong couplingl's the upper levels) “merges” into the  not necessary, as it is possible to adjust the detunings in order
continuum[17], and that the systems shown in Fig. 2 and into have destructive interference, and it plays no other role in
Fig. 1 have the same behavior, with the corresponding couwhat follows than simplifying formulas. We neglect the Dop-
plings related byhfo|v/|?=|V/|?(T's/6%)(i=1,2). More- pler effect in the present section.
over, the new system presents two interesting characteristics: If «<<0 the necessary and sufficient condition for the ex-
the first one is that ionization can be freely turned “on” and istence of nontrivial solutions of EqR.7) is u=|«| (because
“off” simply by putting on or off the additional laser that n; andn, must be both positie but thenn;<(u/|a|) and
couples the upper level to the continuum. The second one B,<u. The casea<<O can thus be used to correlate the
that the ionization of the upper level plays the effective roleground state with dinite superposition of number states in
of a measurement of the atomic state, which can be impoithe two modes. Other particular cases that can be interesting
tant to “trace” over the atomic internal variablesee Sec. for practical applications are as follows: #>1 andu=0,
). mode 2 becomes an “amplified replica” of mode 1. On the

11l. GENERATION OF COHERENCE INVOLVING
THE FIELD MODES
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other hand, ifan,<<u for all relevant values ofi,, the field lv4? lv5(8)?
in mode 2 will become very close to a number state hﬁzﬁﬁ—f d5f(5)m, (3.80
1 2
n2=/J,.
Let us now precisely state the problem: Expressed in the 10,2
base of number states, the field modes 1 and 2 can be written # Bop= 2%_ (3.80
as 2

[’

o The order of magnitude of the maximum time necessary
|F1)= E an|ny), |Fao)= 2 bn.Iny). (3. for the building of the quantum coherence tig=[T'o(w/
n=0 =0 2 6)2]1 71, with s=max(6,,8,). This time is an upper limit
L o . valid for all photon numbers in the rangi& ). It is clear
If the atom is initially in its _ground state, the wave function {4t if the photon numbers in a given situation are concen-
of the global system &t=0 is trated around given mean values, a more precise value for
the correlation time will be,=t./({n){(n,))=<t..

lgo)=]9)®|F1)®|F,)= E an b, |g;ng,ny) (3.2 Suppose that we begin with two uncorrelated coherent
TP states in modes 1 and 2, with initial mean photon numbers

and the probability of finding, @t=0, n; photons in mode 1 (ny=v1, (N)y=w, (3.9
andn, photons in mode 2 is thus
) ) and thus
Po(N1.Nnz) =|an [“|by |*. 3.3
ny_ N2
V1V,
Because of the coupling with the continuum these prob- Po(Ny,np)=exd —(vi+ Vz)]m- (3.10

abilities are dumped out with a rate given by ER.3):

We taked,= 6,= 4, and thusu=0.

How can we describe the generation of the quantum co-
herence in an operational way? By defining the appropriate
Rorrelation function. Equatio3.5 shows that if the atom
stays in the ground state, photon numbers are correlated:
n,= an,. This means that if we know that the atom is in the
W) =|g)® > A(ng,an;+w)|ny,ang+ w)+ fols(0)) ground statébecause we previously made a measurement of

n its state and if a measurement of the photon number in mode
1 givesn,, a subsequent measurement of the photon number
® E A(ng,Nny)|Nq,Nn5) (3.5 in mode 2 will givean; with no quantum uncertainty. Oth-
Ny.M2# any+u erwise stated, the quantum fluctuations of the quantity
on=n,— an, vanish. We thus propose the following proto-
ol: We wait for a timet;>t, and then make a measurement
f the atom state. If the result jg), we measure the quan-
£ fluctuations! 5n2)—( 8n)? of on.

The generation of correlation — that is transferred to the
field by the atomic state measurement performetg at can
then be translated into a decrease of the fluctuatior&h afs
2 t; increases, which can be quantified by defining the quantity

, 3.6
30 (n(t))— (an(t)?
(8n*(0))—(4n(0))? )’
(3.11

p(n1,nz;t)=po(ny,nz)exd —Ty(ng,no)t]. (3.4

One can thus write the wave vector corresponding to lon
times as

where the amplitudé(n,m) is proportional toa,b,, within
a phase factor. The last equation shows explicitly the kind o
entanglement that has been generated among the field mo
and the atomic state.

Let us put our main formulas in a more convenient form.
Taking y=1, the ionization rate is

w w

Fg:ronlnz 51 5_5

R(T gw?t;/5%) =10 log;o
where we have introduced the quantity

2 2

!
U1

ho|

U1

fiw

where we have rescaled the time variable to the natural time
(37 Unit of the system?/ (" yw?). The effect of the measurement
of the atomic state is to “trace” over the internal atomic
The coefficientsg;; relating the photon numbers to the variable, tra_nsferring, due to the Wave_-packet_reduction, the
light shifts are obtained by simple application of second-coherence into the electromagnetic field variables. Let us

I'o=2mfow?

order perturbation theorj13]. They read mention that the quantitiR above is a straightforward gen-
eralization of the physical quantities experimentally mea-
lvq|? sured in twin-photon experimengs].
i B11= 2ﬁ_51' (3.8a Figure 3 illustrates the dependenceRbn t; for different

values ofa and of the ratior=v,/v,. The figure suggests
01(8)[2 that the best correlation is obtained witk- « and for the
— 10t greatest initial mean photon numbers. A more rigorous argu-
déf (o) , (3.8 . .
hi(6—61) ment allows us to generalize these observations:

|Uz|2
hﬁlzzﬁ_(sz
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FIG. 3. Time evolution of the degree of correlatioR. FIG. 5. Dependence d?, on the initial photon number, for
r=v,/vy, v;=100, B11= Boy=10"%8, Bio=Bo;=2X10755, as a=1,r=a, andlot;(w/8)?=10" The solid curve is the “exact”
for the other figures of this section. numerical summation, whereas the dashed curve represents the a-

symptotic expression obtained from E¢3.12 and(3.15.

The increase of the correlation with the mean photon . i
number comes from the following fact: E®.10 shows that The fact that the correlation is maximum fep/v,=a
there is a nonzero amplitude of finding,tat0, zero photons (see Fig. 6 is a consequence of 'Fhe f||ter|n_g process: _The
(i.e., the vacuumin one of the field modes. Obviously in this Population of the useful states gtis proportional to their
case no ionization process can take place. The “idle” state§itial populationpg(ny ,an,). If this population is small, the
|g;n;,0) or |g;0, n,) remain correlated to the ground state, cOntamination by the idle states will have a larger weight. In
without being affected by the filtering action of the coupling Order to maximize this population, one must choose an initial
with the continuum, violating the correlation law. There is State in which the weight of the useful states is also maxi-
thus a “contamination,” in later times, of the “useful” Mum, namelyy,~awv;. o .
ground-state correlated states that have been selected by theln the particular casex=1, an explicit calculation of
ionization process. It is clear that this contamination dependfese effects can be made. Let us evaluate the ground-state
on the initial weight of the idle states. This “vacuum tail,” Population at long times. Asymptoticallyts(—), only the
for coherent states, decreases as the mean photon numbetigeful and the idle states will remain correlated to the atomic
the corresponding mode increases, in accordance with whéfound statdsee Eq.(3.5)]. Thus, the asymptotic value of
we observed in Fig. 3. the ground-state population will be given by

In order to have better evidence of the effect of the idle

states we plotted in Fig. 4 the dependencdrdffor a fixed * * *

time t;) on the initial mean photon number, (with a=1 Pg= 2 Po(N1,n))+ > po(n,0)+ X po(0ny)
and v,=1,). The correlation is greater if the initial photon "1 =0 n=1 np=1

number increases. On the other hand, Fig. 5 shows that this

better correlation is again obtained at the price of a decrease (=1). (3.12

of the ground-state population. This is not surprising, as a
higher mean photon number means also a higher ionization Consider first the useful stat€first term on Eq.(3.12].

rate. This probability can be expressed, using E210, as

0.08 Y T T

o

= N 0.04 [~ -

[
0.02 | -

-90 L L | 0 1 i 1
100 200 300 400 500 50 75 100 125 150
<ng > V2
FIG. 4. Dependence dR on the initial photon number; for FIG. 6. Dependence dP, on the initial mean photon number

a=1r=a, andlgt;(w/5)>=10" v, for v;=100, a=1, andlyt¢(w/ 8)%=10"
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n the two field modes to be counterpropagatike= —k,=k
(u) vivy )
P =ex — (v1+v)) ]2 . )2 in Egs.(2.4)
81 =9d+kv, 4.1
—ext{— (v1+1)]16(2\07;)  (a=1) (313 v (413
=5—kv. (4.1b

wherel o(x) is the modified Bessel function of the first kind

[18], and the superscripu stands for “useful.” The photon numbers in modes 1 and 2 are supposed to be
If 2Vv1v,>1 the asymptotic expression fop(x) [18] 5o high that the photon-number dispersion can be neglected.
can be used: Within these assumptions, the transition ratio from the

ground state to the continuum is
X

lo(X)— (X—), (3.14 w o |?
V27X = -
Fg(U)—FOnlnz S+ Ko 5— kU (42)
\vah;cg)produces foPg” the asymptotic expression/{=0, Destructive quantum interference will thus exist for the at-
oms in the velocity class=0.

exi - (\/— \/— We also suppose that th'e detunings are high enough that
<u) (a=1) (3.15  We can neglect the population of the intermediate levels and
2\/—(111112)1/4 the repopulation of the ground state by spontaneous emission

(this hypothesis is discussed belovhis means that there is
from which it follows thatPg“) is maximum forv,~v;. In  no coherence between the statgw) and|g,v’) (v#v'),
Fig. 5 the dashed line shows how the asymptotic curve corand thus the evolution operator(t,ty) is diagonal inside the

responding to Eq(3.15 converges to the exact result. space spanned by states of the fdgy ):
Another relevant quantity is the asymptotic value of the .
ratio between the populations of useful and idle states, which (g.v'|U(t,to)lg,v)=U(t,tg;v)8(v—v'). (4.3
describes the degree of contamination of the coherence by .
the idle states. Using the asymptotic expressiorPlgi}, this Up to the second ordet) is given by
ratio is found to be - e
U(t,to;v)%eilE )t/h (v)t/2 (44)
pw [
Se~ ! exp(V2 ViVZ) (a=1) . If the initial state is
Po  2Vm(py)tt enten
(3.16 , , .
|$(0))=| dv’¢o(v')]g,v") 4.9

Two limit cases will illustrate this effect. 1;=v,=v,
the ratio of useful to idle population increases s\, we find at timet,
which confirms our expectation. On the other hand, if
vi>v,, this ratio is found to be proportional to _ , , ,
(e~ "1e"2)/(v,v,) Y4 in accordance with our guess that the (9.0]d(1)= | dv’do(v’)(g.0[U(t0)]g.0")
best initial condition isv;~ v, in the casen=1. iE

_ —iE()t/ha—T4(v)t/2

Concluding this section, we can say that the system pre- = do(v)e e e (4.6

sented here has shown interesting properties in generati

correlation involving two modes of the electromagnetic fleldrllgne velocity distribution at time is thus

Unlike the usual method for generating “two-mode squeezed n(v,t)=Kg,v| (1))
states” using optical parametric oscillatdes 5], that gener- ’ ’
ate states withv=1, =0, our method is also able to gen- =|po(v)|?e TeWi=ny(v)e Te®t (4.7

erate more complicated types of quantum coherence.
with no(v) = o(v)|2 _
IV. QUANTUM COHERENCE INVOLVING THE ATOMIC _ We have just shown that the problem can be stated in
VELOCITY: SELECTION OF A VELOCITY CLASS classical terms, and in what follows we will use the. con-
cept of velocity classes — more appropriate to practical ap-
In this section we discuss the generation of quantum coplications — rather than the language of quantum amplitudes
herence involving the internal and external degrees of freeand probabilities. The former formulation is by far the most
dom of the atom and we neglect the light shifts compared t&¢ommonly used in the laser cooling literatyfs.
Doppler effect. We limit ourselves to the one-dimensional The system is thus able to generate quantum coherence
case(the generalization to the three-dimensional case beingetween the internalground atomic state and a particular
immediate. We keep the simplifying hypothesis of the pre- velocity class. In order to illustrate this effect, we plotted in
vious sectionzy=1 andé; = §,= 8, and we neglect the non- Fig. 7 the velocity distribution of ground-state atoms ob-
interfering couplings. tained from Eq.(4.7) for different times beginning from a
Consider an atom moving with a nonrelativistic veloaity Maxwellian distribution of width §/k. As the system
along the direction of propagation of the light field, and takeevolves, this distribution becomes narrower and narrower,
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FIG. 9. Relation between the temperature and the survival prob-
ability of ground-state atoms. The dashed line corresponds to the
low velocity approximation given by Ed4.13.

FIG. 7. Velocity distribution for ground-state atoms for different
times.7=T"yn,Nn,t(w/ 8)?. The distribution forr=0 is Maxwellian.

although keeping a quasi-Gaussian shape. In Fig. 8 we show i
the asymptotic behawo_r_of the.klnetlc temperattﬁr@f the _ N(t)=f n(V,t)dv 4.10
ground-state atoms, giving evidence of the ability of this o
system to perform the velocity selection. _ _ _ _

For sufficiently low velocities such thatw/5<1, which ~ one finds after straightforward integrations
can be achieved, for example, by first cooling the atoms by a

conventional method, an explicit analysis of the velocity se- l = L (4.10)
lection process can be made. For that, we expand the ioniza- To 1+gt
; ; 2y.
tion rate to the lowest order in (namely,v?): whereT, is the initial temperature, and
2 2
w\ (kv
Fg~gV2=4F0nln2 - - (48) N(t) _ 1
s\ 6 ~N - T— (4.12
No J1+gt
where we introduced the normalized variabe-kv/§. If and thus
the initial velocity distribution is1o(V)=Nge™ V", the veloc-
ity distribution at timet is [Eq. (4.7)] N(t) T
—=\/=. (4.13
No To

n(V,t)=ng(V)exg —gV?t]=N, exd — (1+gt)V?].
(4.9  These results are valid in the limit®<1.

In Figs. 8 and 9 the dashed lines show how these approxi-
Taking into account that the kinetic temperatllrés pro-  mations compare to the exact results.

portional to(V?), and that the total number of atoms at the A detailed comparison of this method of velocity selection

instantt is given by with the usual methods of laser cooliiQoppler[7], Sisy-
phus[8]) or velocity selection beyond the photon-recoil limit
(coherent population trappin®] or Raman[10]) is out of

! T T T T the scope of the present work and will be considered else-
where[19]. Let us just outline a few interesting points:
08 I . (1) Note that the three discrete levels of our sysiétig.
1) have the same structure as those of a magneto-optical trap
A 0.6 - (MOT). The MOT and the velocity selection method pro-
E posed here are thus compatible, and they can be combined.
0.4 [ . (2) In practical applications, there is no need for an ex-
plicit measurement of the atom internal state to transfer the
02 | - coherence into the external degree of freedom, as the ions,
not interacting with the light, escape the cooling regftis
0 ) I I f plays the role of an implicit atomic state measurement
0 2 4 6 8 10 (3) The present method is in principtet limited by the
T spontaneous emissi@s the transitions to the continuum are

irreversible. It is thus able to achieve velocity selection be-
FIG. 8. Time evolution of the kinetic temperature of ground- low the photon recoil limit. However, transitions from the
state atomsT, is the initial temperaturer=Ton;n,t(w/8)2. The  ground state to one of the excited states followed by sponta-
dashed line corresponds to the low velocity approximation given byneous emission are still possible, and will contribute to the
Eq. (4.10) warming of the system. A detailed study of this problem



494 JEAN CLAUDE GARREAU 53

shows that, due to this warming, there is a lower limit for the  Thanks to the light shift, the system can generate quantum

achievable temperature, for a given ionization f{ai@). coherence involving the ground state and two modes of the
field, and this coherence can be transferred to the field by a
V. CONCLUSION measurement process, leading to an “EPR-type” correlated

state, that can be used for example in sub-shot noise mea-
A relatively simple quantum system has been shown to beurements.

able to generate quantum coherence among the various de- The system has also shown ability to generate coherence
grees of freedom of an atom by the interaction with the elechetween the ground state and one particular velocity class,

tromagnetic field. allowing velocity class selection.
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