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Abstract. The frequency-tunable subthreshold OPO has be- A remarkable feature of the sub-OPO output, which lays
come a unique source for probing and driving atoms witithe foundation for the applications described in this paper, is
nonclassical light. Applications span from sub-shot-nois¢he strong nonclassical correlation between the OPO output
atomic measurements to proposals for the generation dklds, a(w;) anda(w_), at the two symmetric frequencies
quantum-correlated atomic ensembles. We briefly review the, andw_. This can be characterized by the correlation func-
experiments performed to date and then concentrate on thien (a(wy)a(w_)) = |\/|8(2wo—a)+ w_) [1]. For the loss-
recent results in atomic spin polarization experiments witHess sub-OPO one obtaii#|?> = N2+ N, whereN is the

nonclassical OPO light. photon number spectral density at frequeneags defined
as(a(wy)a(w)) = Ns(w+ — o). For classical states of light
PACS: 42.50Dv; 42.50Lc; 42.65Y] one finds|M|? < N2, and therefore it is the presence of the

N term in |M|2 WhICh is characteristic for the manifestly

nonclassical behavior. Since the output noise of the sub-OPO
A subthreshold optical parametric oscillator does not, in factis Gaussian, all its properties can be expressed through the
oscillate in a sense of generating a nonzero mean fielédecond-order correlation functionls, and N. For a single-
Rather, it amplifies the vacuum electromagnetic field conended lossless sub-ORD= 4x/(x — 1)°> wherex = P/ Py, is
verting it into resonator enhanced spontaneous parametribe dimensionless pump power of the OPO.
emission. As a result of such a nonoscillatory regime, the In the first application of the sub-OPO in atomic spec-
subthreshold OPO (sub-OPO) can simultaneously emit manyoscopy [2] the OPO output has been mixed with a co-
modes without mode competition, which complicates thenerent local oscillator (LO) and used as a passive probe
stable performance of above-threshold OPOs. This featufer the FM spectroscopy of an atomic vapor. The quan-
proves crucial in applications of the sub-OPO in atomictum noise of such a squeezed probe can be expressed in
physics and spectroscopy where the continuous frequendgrms of the quadrature phase amplltude of the OPO out-
tunability is a must. The sub-OPO emits light in a whole set oput X(¢) = (1/f)[(a+ +a )ev+ (a+ +al ye 9] (X(p) =
modes, which are symmetrically positioned in the frequency, € +a, e™'? for the degenerate OPO), whegeis the
domain around the degeneracy frequeagy= woump/2. If  phase of the OPO output with regard to the LO. The probe
the phase-matching conditions are chosen to correspond tmise normalized to the shot-noise level is then given by
the near-degenerate regime, all the modes are normally in re(s§—X2(<p)> =1+2N+2|M]|cos2¢ + ), where we have de-
onance with the cavity provided the central degenerate mod@ed+ to be the argument d¥l. For 20 + v = 7 and for the
is resonant. Therefore tuning of such an OPO can be achiev&PO operating close to the threshold, meaning that-(1),
by just tuningwy and keeping the cavity in resonance with we find((SXz((p)? — 0. This allows for the sub-shot-noise, in
this frequency. If a particular application requires the OPQprinciple noiseless, atomic spectroscopy. In practice, differ-
to be operated at nondegenerate phase-matching conditiomist kinds of losses restricted the quantum noise reduction
the three equations; + w_ = 2wp, NA_ =L, andmi, =L  achieved in [2] to— 3.8 dB, which corresponds to the lower-
(m andn integers), which establish the resonance for the twang of the noise level to abod2% of the original shot noise
parametric frequencies, are not necessarily obeyed. Nonethevel.
less, even in this case tuning is much easier than for the The next series of experiments [3,4] used the sub-OPO
above-threshold OPO. Just by changing the cavity lelhgth output (squeezed vacuum) in a completely different way,
one can achieve the required simultaneous resonance. Sutdmely to drive a two-photon transition in an atom. The prob-
relatively straightforward tunability makes the nonclassmabblllty of the two-photon excitation can be expresse®ax
light generated by the sub-OPO readily available for atomier |M|?+ N2 with « as a constant depending on the parame-
physics and spectroscopy applications. ters of the atom [5]. However, independent of the particular
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atomic system, in the case of excitation with the squeezedo optically active medium between the two polarizers, the
vacuum from the OPO, we finB, oc N + (¢ +1)N2. This  photocurrents from PD1 and PD2 are balanced, so that ideally
implies that for small photon numberbl, the two-photon after subtraction nothing but the incoherent quantum noise of
excitation probability goes linearly with the intensity of the probe is left to be detected. If, however, an anisotropic
the excitation. This manifestly nonclassical dynamics of ai€mmedium is placed between the polarizers, the polarization of
atom driven with nonclassical light has been experimentallyhe linearly polarized probe rotates by an angleand the
demonstrated in [3]. The pictorial explanation of this effectphotocurrents of the two photodiodes differ by the amount
can be given by visualizing the sub-OPO output as a flux of - = 26i,. Hereiy is the total photocurrent coming from both
photon pairs with just the right phase link as to satisfy thePDs. We assume here a detector quantum efficiency of 1,
two-photon excitation condition (again due to the nature omeaning thaty describes the photon flux incident on each de-
the correlation functioiM). tector as well as the photocurrent in units of the elementary
charge. As a result of the imbalance in the detection caused
by the finited, i will now contain a contribution due to the
1 Nonclassical light in atomic spin polarization atomic noise as well as the probe shot noise. It can be shown
experiments that in the case of the shot-noise-limited probe this setup gives
the same signal-to-noise ratio as the more conventional polar-
1.1 Sub-shot-noise polarization spectroscopy of cold atomsization interferometer with near§0° crossed polarizers [8].
However, even when the polarization is not rotated, our detec-
The frequency-tunable sub-OPO can be also used to generabes are still exposed to the light. From a technical viewpoint
polarization-squeezed light to perform atomic sub-shot-noisthis means that our measurement precision is limited by the
polarization spectroscopy in a polarization interferometer. A®ptical noise (shot noise) in contrast to the electronic noise
demonstrated experimentally in [6], when a linearly polar-for the crossed polarizer setup. Furthermore all the probe light
ized coherent field is mixed with an orthogonally polarizedreaches the detectors in our setup. This is of vital impor-
squeezed vacuum, the noise level in a polarization interfetance when the probe is squeezed, since any loss of light from
ometer can drop below the shot-noise level. This propertya squeezed field will limit the quantum-noise reduction.
of the polarization interferometer can be used for sub-shot- The rotation angle can be shown to have two contribu-
noise atomic polarimetry as demonstrated below, but only ifions [9]. The first one comes from the circular birefringence
the atomic medium is optically thin. For an optically thick arising from different indices of refraction experienced by the
atomic ensemble, absorption of the probe together with quar-™ ando~ components of the linearly polarized probe. This
tum atomic spin noise generally precludes sub-shot-noise olpesults in a phase shift between the two components, as they
servations, as demonstrated in [7]. emerge from the anisotropic medium, and consequently a ro-
Our polarization interferometer consists of two polarizerdation of the polarization. The other contribution comes from
rotated45° relative to each other by means of a half-wavethe difference in the extinction coefficients for the light polar-
retarder £/2) as shown in Fig. 1. The first polarizer PBS1 ized at+45° and at—45° relative to the horizontal axis, this is
serves to clean the vertical polarization of the coherent padommonly called the linear dichroism. We can now write the
of the probe and as a port for mixing in squeezed vacuunrotation angle to the lowest order in the differences as
The second polarizer PBS2 splits the coherent probe onto two
photodiodes (PD/2), the radio frequency (rf) components of 14 1
the photocurrents are subtracted il&0 rf combiner, and Osignal = Y Ny —n)+ 55 (a5 —0r—as), 1)
the result is analyzed with an rf spectrum analyzer (SA). With
wheren. are the indices of refraction for the® polarized
light, and w145 are the extinction coefficients for the light
polarized at+45° relative to the horizontal axis. is the
wavelength of the probe ardis the length of the region of
interaction.
The anisotropic medium used in our experiment is
a sample of aboutl(® 3°Cs atoms, trapped and cooled
to about 100pK in a magneto-optical trap (MOT). We
employ the three-level ladder transition 168F = 4) —

tions of the 6B/ 2(F =5) magnetic sublevels is probed on

%:' v o MOT 6P3/2(F =5)— 6Ds/2(F = 6) as illustrated in Fig. 1. The
v g atoms are trapped on the lower transitid86Z nn), and
! : * '“—AM trapping beam the deviation from a uniform distribution of the popula-

! i 6Dg, (F= 6) 917nm the upper transition917 nn). For trapping we use a diode
Loy 6Py, (F= 5) ___1___ laser stabilized with an external grating and locked to the
2, PBSI m m 6S,/2(F =4) — 6P52(F = 5) transition. In order to produce
“ | OPOp g | 852nm good squeezing in the probe @17 nmwe need a laser with
Squeezed vacuun 6Sy, (F=4) small technical fluctuations, and hence we use a Ti:sapphire

Fig. 1. The atomic polarization spectroscopy setup with a squeezed probIaser for this purpose. On the two-photon resonance the ab-
The signal is recorded on the spectrum analyser (SA), and the phisse %orptlon and Con.sequemly the second contribution in (1) IS.
optimised using the lock-in amplifier (LIA). The insert shows the atomic ?XpeCt?d to dominate, _Where?‘s Off_ resonance the p_hase shift
levels of interest in the first term of (1) will dominate in the observed signal.



761

In order to avoid the contamination of our signals from thevacuum with regard to the coherent component eitheShe
low-frequency technical noise, the measurementis performext S Stokes parameter can be squeezed. For our polariza-
at an rf frequency of2/27 = 3 MHz. The atomic signal is tion interferometer this will result in a probe with reduced or
generated by intensity modulating one trapping beam at thiacreased quantum noise, respectively.
frequencys$2/2x, causing a modulation of the atomic popu-  We now turn to the atomic contribution to our signal.
lations at the same frequency. The ac part of the differentidfrom (3) we find that it is given byi@éeszigna,. According
photocurrent can be written as to (1) it consists of two terms: one arising from the modu-

. . . . lation of the indices of refraction and another arising from
812 = 4igo0® +40%5i5 ~ digoo” . (2) the modulated absorption. As the probe is scanneg across
Here we neglect the second term, which comes from the anibie atomic resonance, the index of refraction, and hence the
p|itude noise of the probe, assuming tiais small an¢0r diff(_erer_lce between the indices of refraction, Vf':lries |Ike t_he
a quiet laser is used. The first term in (2) contains severdlerivative of a Lorentzian, whereas the absorption varies like
contributions: a Lorentzian. The intensity modulation of a trapping beam

will cause amplitude modulation of these signals. Conse-
812 = 4i580% = 4i§ (89§igna|+ 86robe noiseT 00%pin noise) . (3)  quently the recorded noise power of the photocurrent at the
modulation frequency will vary like the square of the sum of

The first term in (3) is our signal, which is due to the mod-yhe ahove mentioned shapes [11]. Now we can write up the
ulation of the atomic parameters in (1). The second term IButput of the SA as

due to the quantum noise of the polarization of the probe. The

third term is due to the spin noise of the atomic sample. ThiS(2) =2ioB (1—1¢)

term is relevant for an optically thick medium [7] and can Al r2/4 2

therefore be omitted in the present section, where the opti- + 4 g <«§1 +& ) ) (6)
cal depth of the probed atoms is low. In the next section we A2+T12/4 "7 A2+ T12/4

discuss theoretically how this term becomes important whepyere g is the rf bandwidth of the SA4 is the probe detuning
the optical depth is appreciable. In this case a squeezed propgm atomic resonancé; is the FWHM of the atomic transi-
will not enhance the S|gnal—to-n0|s'e. ratlo_. Instead, drlvmg th‘i‘ion, andg; andé, are parameters containing the information
6S;/2(F = 4) — 6Ps/2(F = 5) transition with squeezed light o the strength of the modulation and depending on the effi-
may turn out to be fruitful. y ciency of the modulation transfer from the trapping beams to
Concentrating on the probe quantum noisg® e nose ~ the probe via the trapped atoms. It has been assumed that the
for now, we note that our photocurrent is given by the  atomic sample is optically thin, so that no appreciable amount
intensity difference between the light polarized 885  of prope light is absorbed when it passes through the trap.
and the light polarized at-45° relative to the horizon- pyrthermore we have used that the external modulation of the
tal axis of PBS1. Thus_ corresponds, in our dimension- 5ioms has a bandwidth much smaller thgan
less units, to the expectation value of the Stokes operator Tpe probe light driving the polarization interferometer
$ = afcx + Clay = ayX(¢), whereay is the vertically po-  and our squeezed light source is provided by a Microlase
larized coherent field chosen to be reml= a€" is the hor-  MBR-110 Ti:sapphire laser operating @17 nm As illus-
izontally polarized squeezed vacuum emerging from PBS{rated in Fig. 1 abouB00 mW of optical power from this
[10], a is the field emerging from the sub-OPO, aMdy)  |aser pumps a nonlinear optical cavity containingMbO;
is the quadrature of the field in-phase with the coher- crystal to produce the second harmonic with abéfi#t ef-
ent field. The angular polarization noise can be expresseftiency. The second harmonic is used to pump another non-
aS80} e noise= (0X%(#))/ (A |ay|") = (8X2(¢))/(4i0), where  jinear KNbQ; cavity operated as a subthreshold OPO. The

we have used thag = |ay|", and OPO acts as the source of squeezed vacuum in our experi-
5 .  2en2 . 2 ment. The latter is mixed on PBS1 with a coherent beam split
(&*)probe noise <3S§> = 4195%rope noise= 10 (o (90)) off the Ti:sapphire output before the doubling cavity. We ob-

=io(1+2N+2[M[cod2¢ +¢]) =io(1—2). (4) tain the desired polarization squeezed state by adjusting the
relative phase between the two fields to(ze— v)/2 as re-
For the OPO close to the threshold ang2yr =z, the an-  gired by (4). In practice the phase is locked by analyzing
gular polarization uncertainty and the probe quantum noisge nojse power of the photocurrent at a frequency about
are suppressed by the factdr—¢) (last equality), where; 109 kHzaway from$2/2z, where no modulation noise from
is the degree of squeezing {> 1 for an ideal OPO close he spectroscopic signal is present. A voltage proportional to

to th? thresThoId). The operator complementar1s s = he noise power is produced, and by using a standard dither
—i (aryCx — Cxary), which describes the degree of ellipticity of and lock techniquey is stabilized to minimize the noise.
the polarlzatlon of the field. When the ﬂUCtUﬁUOnﬁﬂare The degree of the quantum_noise reduction in our ex-

reduced below the standard quantum limit, the fluctuations gieriment is limited by the following factors. Not all of the

S are increased, sinc® and S must obey the Heisenberg opQ intracavity photons escape through the output coupler;

uncertainty relation in fact only85% comes out this way, limiting the observable

(883) (3S§) < ig. (5) squeezing to the same value. Our measurement has a finite
- bandwidth, meaning that we do not wait forever for both pho-

This means that by mixing the squeezed vacuum with théons in each correlated pair to escape the OPO cavity. Con-

coherent state on PBS1, we create a field with a very well desequently we lose anoth&% of squeezing. Our propagation

fined polarization angle at the expense of a strongly fluctuatosses aré % and the homodyne efficiency on PBSD&r.

ing ellipticity of the polarization. By phase shifting squeezedAll in all we end up with3.6 dB of quantum noise reduction.
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However, when the LO phase is locked to the minimumquan__ 37
tum noise we lose anoth€r6 dB of squeezing, resultingin &
3 dBof squeezing being available for the atomic polarizatior-g
spectroscopy. The quantum noise of the probe in the absen =
of atoms with the LO phase scanned and locked is shown i 2
Fig. 2. Our best squeezing with this setup idB, as reported ¢
in [12], but, possibly because of the high phase-matching
temperature for a-ci¢NbO3 at917 nm these fragile crystals "’
have deteriorated in time. As a result, the nonlinearity has de.2
creased and with the maximum pumping power available wi c
can reach a gain of only abo6i5 dB, which, along with the

factors listed above, results 81dB of observable quantum-
noise reduction in the polarization interferometer.

olse

Probe

With the MOT trapping laser turned on, a sample of cold  -200 -150  -100 -50 0 50 100

atoms is formed in the path of the probe, and we observe tr .
spectroscopic signal (6§)on the SA%S we scan the Ti:sapphiie o Probe dgtumng [.MHZ]

frequency across the resonance. The SA traces are shown'zlﬁf- Polarisation spectroscopy with a polarisation squeezed probe (A) and
Fig. 3. By first blocking the squeezed OPO output we found!™ e Probe in a coherent state (8)

that the signal peake?i3 dB above the shot-noise level. This

corresponds to a signal-to-noise ratio of .0By unblocking the indices of refraction far* polarized light,n.., are mod-

the squeezed vacuum we find that the noise floor limitingilated very differently.

the measurement is reduced dowr2ib dB below the shot-

noise level, corresponding to a valuesof 0.44 in (6). Since

the atomic signal size stays almost unchanged, we have id-2 From quantum correlations of light to quantum

creased the signal-to-noise ratio of the measurementsto 1~ correlations of atomic spins

by employing the polarization-squeezed state in our polar- . , . .
ization interferometer. Ideally the improvement in signal-to-1 "€ promising future the sub-OPO offers in atomic physics
noise ratio of 21 times should correspond td—¢)~%, but IS due to the fact tha_lt the tw_o quantum correlated flelds_
because of fluctuations in the atomic signal, these two nunfinda- can interact with two different atoms and therefore in-
bers differ somewhat. By adapting our theory (6) to the tracefoduce nonclassical correlations between these atoms. This
in Fig. 3, using that the rf bandwidth B = 100 kHz we can observation has led to a proposal of generating spin squ_eezed
infer the parameters @2 = (63 5)kHz and&,/&; = (364  States (SSS) of an atomic ensemble via an interaction with the
2)% for this particular trap configuration. Obviously the indexSUP-OPO output [13], as well as, in a more general sense, to
of refraction of the trapped atoms is more efficient in transNéW possibilities of creating quantum-correlated atomic en-
ferring the modulation from the trapping beam to the probéembles. , , ,

than the absorption is. This is probably due to the geometry [N this section we outline the strategy for generation and
of the experiment, where the modulated polarized trap- ~detection of SSS in £s MOT. Consider an atomic ensem-
ping beam propagates at an angle of affhtrelative to the ~ ble with the atoms initially in the statey, mg = 0) where
probe. As a result we have almost perfect symmetry betweeRg iS the magnetic quantum number (Fig. 4). If the atomic

the modulated extinction coefficientss. In contrastto this, €nsemble is excited with two quantum-correlated fields,
and B, along the two possible paths of the V-type configu-

ration, it is reasonable to expect that some degree of quan-
tum correlation will be transferred to the atoms in the final
states|e, me = —1, 1). That this effect is a two-atom effect

is obvious from the following consideration. A single-atom

: LB interaction rate in a V-type system involves either “trivial”
(B) correlation functiongAf A}, (BT B) or “nontrivial” functions
3r (ATB), (BTA). However, the latter nontrivial functions are
0 r(A) zero for the OPO output, and therefore do not cause no-
I\ W

L(C) table single-atom effects. The situation changes significantly
6l when an ensemble of atoms is considered and multi-atom
correlations are taken into account. Towards this end let us
Or introduce the collective continuous spin operator of the ex-
12+ cited state in the following way. The collective continuous
15t density matrix element of the excited statg(z,t) is de-
O . finedawy @ b= (L/esV) X, explimcz—2,)/c| o)’ [14]
0 10 20 30 40 50 60 70 80 90 100110  whereo =|i) (jI, (i, j € {—1,1}) for uth atom,w; is the
Time [ms] frequency splitting between the two upper substatés the
Fig. 2. Probe noise in units of the shot noise level (A) when the LO phase i axis along which the |Ight IS propagating, a@a‘s the atomic
scanned (B) and locked (C). The electronic noise (D) is shown tt6luB

Probe noise [dB(Shot noise)]
@

Yensity. The density matrix element has been normalized to

below the shot noise. The trace was taken WiimW of probe power, and ~ the number of atomSQSV, in the volume element Qf in-
the phase was scanned at AHz repetition rate terest,sV. For atomic samples of the laboratory size and



763

the process of a quantum-limited polarization-noise measure-
ment, similar to the one described in [7]. We will now outline
how the SSS can be detected via a polarization-noise meas-
urement of coldCsatoms. FolCs, level 0 can be the extreme
sub-level of the ground statem = F =4, and levels—-1, 1
are sub-levelsn= 3, 5 of the 6RB,2, F’ = 5 excited state. The
trapping light on this transition (see the previous section) has
to be chopped, and the quantum-correlated excitation with the
coherent and squeezed vacuum beams turned on during the
“dark” periods when the measurements are taken. Excitation
from magnetic sublevels other them= 4 of the ground state
a can be avoided with a suitable optical pre-pumping. To meas-
ure, e.g.Jyinthe 6R,,, F' =5 excited state, a linearly polar-

Fig. 4. Mapping of non-classical light onto an ensemble of V-type atoms.ized probe resonant with the §F, F' =5 — 6Ds/,, F' =6
Coherent fielda and squeezed vacuumin two orthogonal polarizations  transition, as in the previous section, is analyzed with a po-
are mixed on a polérizing beamsplitter. The quarter Wive retarder serves Iarizing beam splitter oriented &5° relative to thex axis,
e e oo 722179168 rendering the intensitis-+45") andi (~45"). For the reso-

nant proba_ =i(+45°) —i(—45) = aiolJy [17], wherea

is a constant proportional to the optical depth of the medium,
wjj in the MHz range the exponent can be substituted byio is the probe intensity andl’ is the width of the transition.
unity. The spin (quasi-spin) components of the excited stat®©bviously, quantum noise of is determined by the quantum
arethend, = (0_1-1—011)/2, lx=(0_11+01-1)/2, Iy = noise of Jy. When no squeezed vacuum is present, a certain
—i(0_11—01-1)/2. Suppose now that the fields and B spin noise level proportional to the square root of the number
are prepared by mixing a coherent statand the sub-OPO of atoms is present on the top of the shot noise of the probe as
outputa in the orthogonal polarization on a polarizing beamobserved in [7]. When the squeezed vacuum with an appro-
splitter (Fig. 4). After thei/4 plate the polarization of the priate phase is present, should become squeezed and this
coherent (squeezed vacuum) component becomes left-handise level should drop below the level set by the coherent
(right-hand) circular. In the lowest-order perturbation theoryspin-state fluctuations demonstrating the SSS of the atomic

one then obtains ensemble.
J, o ar™,

Jyca@+al) o X(p=0), 2 Summary
Ja@—at) o X(g = %). @)

The subthreshold tunable OPO has become a powerful tool
In the above we omitted the subscripts — of the field  for the atomic physics and spectroscopy with the nonclassi-
operators, assuming that the frequencies of the correlatel light. The quantum-correlated output of this device has
fields are almost equal (nearly degenerate OPO). Equatiofseen demonstrated to cause a manifestly quantum behavior of
(7) tell us that the mean spin is oriented alongzlaeis, since  driven three-level atoms, as well as to allow standard quantum
this is the only component with nonzero mean. This is naturdimits to be overcome in atomic absorption and polarization
given that the coherent light is circularly polarized. The transspectroscopy.
verse componentd , have zero mean and their variances are  New perspectives in atomic physics with nonclassical
(832,) o (8X*(¢)). For the sub-OPO output one of the quadra-OPO light appeared when it was realized that the OPO
ture phase amplitudes has a variance less than that for tAgantum-correlated output can be efficiently mapped onto op-
vacuum field. This means that one of the transverse collectivigcally thick atomic ensembles. The experiment on the prep-
spin components has its variance less than the pure coher@f@tion and observation of the so-called spin squeezed states,
spin state, which corresponds to the excitation with only cirthe first proposal to generate nonclassical collective atomic
cularly polarized coherent light. Such a spin state is calle@pin states with the nonclassical light, is currently in prepar-
a squeezed spin state [15, 16]. The above-described proced®n in our laboratory. Further possibilities include produc-
of SSS generation with squeezed light from the sub-OPO hdion of the entangled atoms utilizing the Einstein—Podolsky—
its physical origin in mapping of the pairwise photon correla-Rosen (EPR) correlations in the output of the nondegenerate
tions of light onto atoms. As a result the atoms also acquir®PO.
pairwise correlations in their spin-polarization components. Whereas the first proposals deal with the generation of
It has been shown in [13] that the process of spontaneo@omic correlations in excited states, the OPO output can,
emission from the upper states partly destroys quantum corré principle, be used to produce entanglement of long-living
lations between the atoms. However, in the steady S@ite ~ atomic states populated via Raman-type processes. Such sys-
of those correlations survive under the condition of completéems may prove well suited to enter quantum computation
absorption of the sub-OPO output in the atomic medium.  Schemes and to serve for quantum key distribution in quantum
In the above, SSS are generated for atoms in the fin&ryptography.
states of the transitions driven by quantum-correlated excita-
tion. To observe it we need to address only these atoms ikcknowledgementsThis research has been supported by the Danish Re-
our measurement procedure. This is exactly what occurs igearch Council.



764

References

1.
2.

3.

C.W. Gardiner: Phys. Rev. Leti6, 1917 (1986)

E.S. Polzik, J. Carri, H.J. Kimble: Phys. Rev. L&8, 3020 (1992);
Appl. Phys. B55, 189 (1992)

N. Georgiades, E.S. Polzik, K. Edamatsu, H.J. Kimble, A.S. Parkins:12
Phys. Rev. Lett75, 3426 (1995); see also Z. Ficek, P.D. Drummond,

7
8
9
10
1

Phys. Todays0, 34 (1997) 13
. N. Georgiades, E.S.Polzik, H.J. Kimble: Phys. Rev.58 R1605 14
(1997) 15

. J. Geo-Banacloche: Phys. Rev. Lett. 62, 1603 (1989); J. Javanainerl6

P.L. Gould: Phys. Rev. A1, 5088 (1990); Z. Ficek, P.D. Drummond:

Phys. Rev. A43, 6247, 6258 (1992) 17

. P. Grangier, R.E. Slusher, B. Yurke, A. LaPorta: Phys. Rev. Béit.

2153 (1987)

J.L. Sgrensen, J. Hald, E.S. Polzik: Phys. Rev. B@t3487 (1998)
C. Wieman, T.W. Hansch: Phys. Rev. L&, 1170 (1976)

A. Weis, J. Wurster, S.I. Kanorsky: J. Opt. Soc. Am1® 716 (1993)
R. Tanas, S. Kielich: J. Mod. Of&7, 1935 (1990)

11. J.L. Sgrensen, J. Hald, E.S. Polzik: Opt. L28.25 (1998)

. J.L. Sgrensen, J. Hald, N. Jagrgensen, J. Erland, E. S. Polzik: Quantum
Semiclass. Opt9, 239 (1997)

. A. Kuzmich, K. Mglmer, E.S. Polzik: Phys. Rev. Letg, 4782 (1997)

. M. Fleichhauer, T. Richter: Phys. Rev.34, 3761 (1985)

. M. Kitagawa, M. Ueda: Phys. Rev4V, 5138 (1993)

. D.J. Wineland, J.J. Bollinger, W.M. Itano, D.J. Heinzen: Phys. Rev.
A 50, 67 (1994)

. C. Cohen-Tannoudji, F. Laloe: J. Physice®e 505 (1967); F. Laloe,
M. Leduc, P. Minguzzi: J. Physiqugo, 277 (1969)



