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Optical Ramsey fringes induced by Zeeman coherence
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We utilize a two-photon polarization spectroscopy technique to observe Ramsey fringes that appear due to
light scattering by coherently prepared rubidium atoms. We examine the effect in a vapor cell for spatially and
temporally separated laser fields. We present a theoretical interpretation of the experimental results.
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[. INTRODUCTION pulses are used to introduce Doppler-free two-photon transi-
tions in the same group of atoms in a vapor cell. If the pulses
The Ramsey method of separated oscillatory fields is onare not phase correlated or delay between them exceeds the
of the most significant applications of atomic coherefide  coherence lifetime, the Ramsey fringes disappear. In the sec-
The original idea of the method is based on an ability of aond case, atoms, after the first interaction with the laser field,
molecule or an atom, excited by a coherent electromagnetiteely move inside the cell eventually colliding with the cell
field, to carry information about the field. This information walls. Subsequent interactions with the laser beam takes
can be transported by the molecul#tom in space or in place after some time passes. Since the created coherence
time, and be read by another electromagnetic field. can survive many collisions with the walls, it leads to the
For example, when a molecule crosses two spatially sepagppearance of Ramsey features in the field spectrum. Obser-
rated regions with microwave fields, the first microwave fieldyation of the two-photon Ramsey interference effect in an

creates a coherence between molecular levels and the secos@dmic vapor due to collisional velocity diffusion was also
field “reads” the coherence. The initial phase of the written demonstratedi9].

coherence depends on the frequency and amplitude of the c4ted atomic cells and atomic cells with buffer gas have
field as well as on the interaction time. After the interaction, .\ . «h in common in terms of spectroscopy. For example,

the molecule travels between the interaction zones acquiringtomic diffusion in the velocity space mediated by wall col-
phase shift determined by the frequency of the moleculay._. . .
transition and the time of the free flight. Interaction of the isions for coated cell$10] and coliisions with buffer gas

molecule with the second coherent microwave field, i.e., theatomS for buffer gas cc_allEll] Iead; o the suppression of
reading process, leads to the modulation of the absorption ﬁonlmear Faraday rotation for particular tuning of the probe
the field depending on the phase difference between the m@Se"- ) , ) )
lecular coherence and the field. The dependence of the 1he goal of this paper is to study an impact of atomic
modulation on the field frequency is similar to an interfero—_mc’t'on occurring in atomic cells without antlrelaxatlor! coat-
metric picture and is called “Ramsey fringes.” The fringes INgs on Doppler-free spectroscopy. We show that the ideas of
also can be seen if the frequency of the separated fields staff¥® separated field method is relevant here. We demonstrate
unchanged while the Separa‘[ion distance is varied. experimentally that atomic diffusion results in the Ramsey

Transformation of the Ramsey method to the optical do-€ffect for atomic cells containing buffer gas in the same way
main is complicated because an atom gets different phasts it appears for coated ce[B]. This implies that theoretical
shifts depending on the place and direction of its passagaodels used for vacuum cells do not give a correct physical
through the optical fields that washes out the interferometripicture for cells with buffer gas. The assumption that the
picture. To solve this problem, two-photon Doppler-free presence of buffer gas leads to an increase of the transient
spectroscopy can be used. The separated field experimenime of active atoms through the laser beam and, therefore,
with atomic beams based on the Zeeman coherence olfie effective coherence lifetime can be increased relative to
ground-state atomic sublevels demonstrated narrow spectrddat for the transit time of atoms across the laser beam in the
features both in absorptidr2] and polarization rotatiof3]. absence of buffer gas, is insufficient. This assumption is
Ramsey fringes have been observed using stimulated Raméased on a simplified model that an atom that has left the
transitions in sodiunf4] and cesiuni5] atomic beams. The interaction region never returns. To complete the picture, the
separated field method based on two-photon spectroscomtoms that interact with the laser beam several times should
may be modified for atomic vapor cells. Two-photon Ramseyalso be taken into account. We propose a theoretical model
fringes in spatially separated fields were repoftefd that includes both effects.

Instead of separate laser beams, a single cw beam may be The principles of the two-photon separated field method
used if atoms are allowed to interact with it several timesare closely related to the physics of recent experiments on
This idea has been realized for uncoated atomic cells andoherent information storage, where the information was
pulsed laserf7], and for the cells with antirelaxation coating mapped into and retrieved out of long-lived atomic coher-
[8] and a cw laser. In the first case, short time-delayed lasegnce[12—14. The basic idea of the information storage via
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atomic coherence can be understood in terms of light inter- eeccccccse
action with A -type atoms. Light pulses, interacting with both 5) a1
transitions of theA system, propagate in an atomic vapor [N

and excite a spatial profile of a long-lived coherence between R4
ground states of the atoms. This coherence profile stores in-
formation about these pulses after they have left or have been

0080000000

absorbed by the medium. A subsequently reading pulse pro- V4 i

duces Raman scattering off the atomic coherence and gener- essssneene

ates a retrieved pulse. = d
Ideally, in the case of immobile atoms, the retrieved pulse

can be identical to the signal pulgk5]. However, the atomic -y
motion changes the picture significantly. If the writing pulses Y Solenoid
that excite the atomic coherence are long enough and/or the V2 (b)
delay between the writing and reading pulses is long enough,
too, a part of the atoms with excited coherence may leave the FIG. 1. Experimental setups used for observation of the Ramsey
interaction region and enter this region after some time, deeffect in (a) time (pulse regimg and (b) frequency(cw regime
termined by the properties of the cell, e.g., wall coating ordomains.

concentration of a buffer gas. During this free motion,

atomic coherence evolves freely as in the original method of

separated fields and, as a result, one can observe Ramsgy due to stimulated Raman scattering on the atoms left in
fringes. This effect can deteriorate statistical properties of thene interaction region can be distinguished by their decay
retrieved pulse compared with the signal pulse. time. In the first case, the decay time is determined by atomic
In the first part of this paper, we discuss in detailed ex-gjffusion in the buffer gas, while in the second case, it is
periments, where diffusion of the atoms in buffer gas is use@jetermined by the group velocity of the retrieved pulse. We
to provide the repeated interaction of the atoms with the laseghow this by simple theoretical calculations.
field within a single interaction regiofil6]. We excite the We also present experimental data concerning Ramsey
Zeeman coherence of Rb atoms by a linearly polarized lighfringes in frequency domain, obtained for the vacuum atomic
pulse and read the stored information by a delayed circularlye|is, as well as cells containing buffer gas. The experiment
polarized pulse, detecting the linear combination of the sigis performed for two spatially separated interaction zones.
nal resulting from the scattering of the reading light on the | the second part of the paper, we propose a theoretical
coherently pumped atoms and the transmitted reading fielgaxplanation of the experimentally observed effects and show
In the presence of a static magnetic field, the intensity of thehat our results allow for a better understanding of a line
measured signal is modulated with frequency determineg\arrowing mechanism for electromagnetically induced trans-
solely by the magnetic splitting of Zeeman sublevels. Be'parency(EIT) [19-21] in the presence of a buffer gf%8].
cause the modulation frequency does not depend on the ligitioreover, our results may be used to connect concepts of
intensity and the decay of the modulation feature is verysgherent population trappin@PT)/Hanle effec{19,22 and
slow, we conclude that it results from the atoms that entefpe phenomenon of alignment to orientation conver$zs
and exit the interaction region several times. that both can be used to describe polarization rotd@dhin
Repeated atomic interactions with the laser field is not th%oherenﬂy prepared atomic vapors. Another potential appli-
only effect observed in our experiments. We find a trace Otation is the measurements of the decay time of atomic co-
the modulation for vacuum cells, too. It is well known that herence that allows us to find the cross section of the velocity

wall collisions in atomic cells without antirelaxation coating changing collisions in atomic cells with buffer gg25].
destroy the atomic coherence. Therefore, a coherently pre-

pared atom that has left the laser beam return to the interac-

tlpn region W|th 'ItS qoherence erased. The atom-atom CO|!I- Il. EXPERIMENT
sions are negligible in a vacuum cell. Therefore, we explain _

the Ramsey-like modulation obtained in an uncoated vacuum A. Experimental setup

cell as a consequence of the coherent information Storage in Our experiment can be |Og|ca||y divided in two indepen_
the atomic vapof12-14. dent parts. In the first part of the experiment, we study the
In the case of coherent information storage, the modulatemporal evolution of light transmission through an atomic
tion appears because the radiation retrieved from the atomi@iedium excited by the pulsed laser radiation and use two
vapor by stimulated Raman scattering of the reading pulse odifferent laserdsee Figs. (a) and 2. As the result of this
the coherent atoms that had not left the interaction region hasxperiment, we are able to observe temporal Ramsey fringes.
a frequency different from the frequency of the reading fieldin the second part, we study the change in the frequency
resulting from magnetic splitting between Zeeman sublevelspectrum of light transmitted through the atomic vapor, hav-
[17]. The modulations appearing due to repeated atomic ining two spatially separated interaction regions with the radia-
teraction with the reading laser and the modulations appeation, and use one continuous watav) laser[see Fig. 1b)
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i @ FIG. 3. (a) Level scheme of atomié’Rb used for studying the

Eup Enc Epp (c) Ramsey fringes in the frequency domaiv laser$[see Fig. b)].

Both lasers are tuned to tlixl line. (b) Simplified level scheme of
atomic 8Rb. Level|a,) corresponds tdPy,, F'=1. Levels|b)

and |c) correspond to Zeeman sublevels with=+1 of level

Si2, F=2.(c) Atomic cell with spatially separated weak probe and
strong drive laser beams. The drive laser light excites the atomic
coherence, after that, the atoms move toward the probe beam and
eventually interact with it. This interaction influences the transmis-
sion of the probe field significantly.

ry

Intensity

FIG. 2. (a) Level scheme of atomi€’Rb used for studying the

temporal Ramsey fringegsee Fig. 1a)]. (b) Simplified level . L .
scheme of atomic®’Rb. Levels |a;) and |a,) correspond to the power of a linear combination of the reading and re-

Pas, F'=1,2,3 andPyy,, F'=1. Levels|b) and|c) correspond to ~ {fi€ved pulses. The writing laser ECDL1, tuned to fﬁ_Rb
Zeeman sublevels witm=+1 of level S,,, F=2. (c) Temporal D1 line, has 1 ms pulse duration, whereas the reading laser
behavior of the fields. Writing pulseB,, and E,, generate low- ECDL2, interacting with®’Rb D2 line[Fig. 2(a)], has pulse
frequency coherenge,,. Reading puls&;,, delayed in time com- duration about 50(«s. The fall and rise times for the pulse
pared to the writing pulses, is scattered by the coherence that resule about 3us in both casefFig. 2(c)].
in generation of the retrieved pul&g.. We assume that the origin The Doppler broadening of rubidium vapiine full width
of the time scale corresponds to the back edge of the writing pulsesit the half maximum is equal te-540 MHz) overlaps all
hyperfine structures of théPg, state, so the reading light
interacts with all three hyperfine components of tHe,,
and 3. This experiment allows us to study the narrowing of (F' =1,2,3) states. This feature is important for the estima-
the EIT resonance due to free atomic motion between th&on of the achieved efficiency of the reading process.
interaction regions. The most efficient retrieving takes place when the reading
The experimental setup for studying temporal response gbulse is applied to the same atomic transition as the writing
the coherent medium is shown in Figal We perform the one, i.e.F=2—F’'=1. There is CPT for this transition. The
experiment in atomic®’Rb vapor at 80°C, which corre- retrieved pulse, resulting from stimulated Raman scattering
sponds to atomic densithi~ 102 cm 3. We made our ex- of the reading pulse on the Zeeman coherence ofFthe®
periments with:(i) an atomic cell(the length 5 cm, the di- atomic sublevel, is not absorbed by this transition. In turn,
ameter 2.5 cm containing isotopically puré’Rb and 3.0 there is no CPT foF=2—F’'=2 andF=2—F'=3 tran-
Torr of Ne buffer gas(ii) an atomic celthe length 7.5 cm, sitions. Hence, some part of the retrieved light is absorbed
the diameter 2.5 cincontaining isotopically puré’Rb and  due to the interaction with these transitions and the total
0.3 Torr of Ne buffer gas(iii) a vacuum atomic celithe  scattering efficiency decreases.
length 7.5 cm, the diameter 2.5 ¢grmontaining isotopically The \/4 wave plate and polarizing beam splitter placed
pure 8Rb. The cells are made of pyrex glass and have winafter the vapor cell separate the readimg pulse and the
dows with small birefringence. Each cell is placed into aretrieved ¢~ light, which are detected by the fast photo-
three layeru-metal antimagnetic screen. A solenoid mounteddiodesd, andd,. By rotating thex/4 plate, we are able to
inside the magnetic shield allows us to control the amplitudemeasure a beatnote between the reading and retrieved pulses.
of the homogeneous magnetic field applied along the directhe peak powers of the reading and writing lasers are 350
tion of the light propagation. and 290uW, the beam sizes inside the cell are 1.5 mm.
Two extended cavity diode lasdiSCDL1 and ECDL2 in  Under these conditions, the cell transmission is only about
Fig. 1(a)] are used. Acousto-optical modulators chop the ra10% for the incident linearly polarized laser radiation at 795
diation of each laser to produce light pulses. We excite Zeeam.
man coherencgl9] of 8’Rb atoms[the coherence between  We apply a longitudinal magnetic field to the system that
levels|b) and|c) in Fig. 2b)] by two circular components leads to antisymmetric shift of Zeeman sublevels. This shift
E,, and E,. of a linearly polarized light pulséwriting is equal to5=aB, whereB is the amplitude of the magnetic
pulse, and read the stored information by a delayed circufield anda=27x0.7 MHz/G is the magneto-optic constant
larly polarized reading pulsg,,, detecting the signaire-  for 8'Rb.
trieved pulsg E;., which results from the scattering of the  In the second part of the experiment, we study the influ-
reading light on the coherently prepared atoms. In order t@nce of the atomic motion on the transmission of a cw laser
study the phase dependence of the signal light, we measuradiation through an atomic cell. To do this, we create the
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FIG. 4. Time dependence of the beat note power of the retrieved FIG. 6. Time dependence of the beat note power of the retrieved
and reading pulses for the magnetic-fi@e-23 mG. The origin of  and reading pulses for various polarization directions of the writing
the time scale corresponds to the back edge of the writing pulsesields. The 45° rotation of/2 plate[see Fig. 18] leads to the 180°
The front edges of reading and retrieved pulses coincide. phase shift of the oscillations of the power of the retrieved radiation

[compare curvesga) and (b)].

coherence between ground-state sublevel&’Bb vapor by
cw linearly polarized light{unlike the previous case, where retrieved signal appears simultaneously while switching on
we use pulsed light There are two spatially separated inter- the circularly polarized reading laser ECDL2. To summarize
action regions in the cefFigs. 1b) and 3. We measure the the basic features of the signal, we present Figs. 5 and 6.
transmission of each separated in the space field as a function The frequency of the oscillations is determined solely by
of the separation, static magnetic-fiddd and mutual polar- the magnitude of the magnetic-fieRI(Fig. 5. At zero mag-
ization of the fields. netic field, no oscillations are observed. A general experi-
For this experiment, we use only one external cavity di-mentally obtained relation between the period of the oscilla-
ode laser ECDL1 tuned on tH_e=2HF'=l transition of tions T and the magnetic-ﬁe|dB is T5/’7T""\’1 The
¥Rb D1 line. The laser beam, divided into two spatially modulation depth of the oscillations depends on the rotation
separated beams, enters a cell. We call the stronger beam thethe \ /4 plate. For the same experimental conditions except
drive, and the weaker beam the probe. A polarization directhe magnetic field, the oscillation depth is smaller at higher
tion of the driving beam is controlled by the/2 plate. We  frequencies of the oscillatior{for larger magnetic field The
set the probe laser power at 0.1 mW and the beam diametegtation of the writing pulse polarization using/2 plate
at 2.5 mm. The drive laser has a power of 0.2 mW and &hanges the phase of the oscillatidfg. 6).
beam diameter of 2.5 mm. The beam separation is 5 mm. The damping rate of the oscillations depends on the buffer
The transmitted power of the probe beam is monitored by thgas pressure. For examp|e’ in a vacuum cell F|g 7’ for the
photodioded. The cell temperature is 80 °C. same experimental conditions as described above, the oscil-
lations are almost invisible and their damping rate equals to

B. Ramsey fringes in time domain ~25 us, while 3 Torr Ne cell reveals & 800 us damping

The typical time dependence of the beat note intensity ofate.

the retrieved and reading pulses is presented in Fig. 4. The A Separation in space of the writing and reading pulses
causes a shift of the maximum of the oscillation amplitude to

later moments of time. The separation in 2 mm between the

. ' ' ' beams results in-75 us shift of the maximunisee Fig. 8.
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FIG. 5. Time dependence of the beat note power of the retrieved c | | |

and reading pulses for various values of the magnetic fi@dB 0
=56 mG, the oscillation period i§,=12.6 us; (b) B=21 mG, the
oscillation period isT,=34.8 us; (c) B=10 mG, the oscillation
period isT.=68.8 us.

Time

FIG. 7. Time dependence of the beat note power of the retrieved
and reading pulses for the vacuum cell.
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FIG. 8. Time dependence of the beat note power of the retrieved
and reading pulses for spatially separat2enm) writing and read-
ing beamdcurve (a)], and overlapping writing and reading beams
[curve(b)]. The maximum of the scattering efficiency shifts in time

for the separated beams compared with the overlapping beams.
transmission incread&ig. 11) compared with the case when

only one field is present.
Rotation of polarization of the drive field changes the
transmission of the probe field and vice versa. For example,
Atomic motion significantly changes the frequency specyhen the angle between the probe and drive polarizations is
trum of the medium response. Using the setup shown in Figequal to 90°, the transmission resonance has a narrow ab-
1(b), we measure the transmission of the medium for a pr0b§orption featurdsee Figs. 10 and 11
electromagnetic field as a function of magnetic-fi@dand
study the behavior of the transmission spectra relative to the IIl. THEORY
properties of the driving field, spatially separated from the
probe field. The results of these measurements are shown in The narrowest possible two-photon resonance in a coher-
Figs. 9-11. ent medium is determined by the relaxation time of the
Because both the probe and the drive fields used in thground-state coherence. In experiments with vacuum atomic
experiment are strong enough, there are narrow transparencglls, this time may be modeled as the time of atomic pas-
features in the vicinity of zero magnetic field for the probe sage through the laser beam. There are a number of methods
field with no drive field and for the drive field with no probe to increase this time: expansion of the laser beam, usage of
field. These resonances result from EIT/CPT phy$ik®. cells with antirelaxation coatings, or cells with buffer gas.
When both fields are present, one can see substantial narrow- The spectroscopic properties of atomic vapor in the buffer
ing for the transmission resonan(fig. 9) along with total  gas atomic cells, however, may not be properly described by
the equations valid for the vacuum cells. The reason for this
complication is the atomic motion. In the presence of buffer
gas, the interaction time of an atom with the laser beam is

FIG. 10. The same as per Fig. 9, except the angle between the
polarizations of the probe and drive fields is 90°.

C. Ramsey fringes in frequency domain

Probe transmission (a.u.)

1 2 1 L 1 L
0 Magnetic field

Probe transmission (a.u.)

FIG. 9. Transmission of cw laser radiation resonant with the D1 " . )
line of 8’Rb vs magnetic field for the vacuum atomic cell and spa- 0 Magnetic field
tially separated laser beams. The magnetic field is shown in fre-
quency units corresponding to the magnetic shift of Zeeman sub- FIG. 11. Transmission of cw probe-laser radiation resonant with
levels 25=2aB, whereB is the amplitude of the magnetic field and the D1 line of®’Rb vs magnetic field for the atomic cell containing
a=2mXx0.7 MHz/G is the magneto-optic constant f8fRb. The 0.3 Torr of Ne buffer gas. The magnetic field is shown in frequency
polarizations of the laser fields are the safagTransmission of the  units as per Fig. 9. The probe and drive beams are spatially sepa-
probe field with no drive field(b) Transmission of the probe field rated(the separation is equal to 5 minfa) The polarizations of the
with drive field turned on(c) Transmission of the drive field with probe and drive fields are the san{e) The angle between the
no probe field. polarizations is equal to 907c) The drive field is absent.
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determined by the diffusion through the buffer gas. This is The Bloch equations for the matrix elements of the popu-
not the only effect. The coherence survives many collisiondations and polarizations of the atoms are
and some atoms leave the interaction region and return there

after some time. These atoms should also be taken into con- bjcc= 2Yacphoti (Q;ijZC—chpg:z), 3
sideration. We here propose a simple theoretical model that

includes both the effe_ct o_f increasing the coherence life time Phb=272p0bst 1 (505 — Qopols), (4
and the effect of multiple interaction of an atom and the laser

beam.

Phe=—(Vabt ¥2c) oo — 1 Qop(pho— php) +i1Qocply,
(5

Because an analytical solution of the exact problem in-
cluding consideration of the Zeeman substructure of atomic
levels is very complicated, we simplify it and substitute the
exact scheme of atomic levels by an idealized three-ldvel
schemdFig. 3b)]. o o ik

In the case of the experiments with pulsed lasers, the rel- Pep= = (Yeb T 210) pep =1 Qanpea+105cp2p (@)
evant simplified level scheme is four-level doulNescheme where v. ~v.. = v/2. These eguations are to be supple-
[Fig. 2(b)]. However, because the writing and reading proce. e dyallac_tggb_oyulétion consgrvation law PP
dures are separated in time, we may consider these processeg y Pop
independently, using a simple three-levelscheme. On the Lt 4ol =1 8
first stage, we create low-frequency coherence on the dipole P22 Poo™ Pec™ - ®

forbidden transitioib)— |c). This process may be described Generally speaking, it is not enough to have Hd3-(8) to

using levelgc), [b), and|a,). And, on the second stage, we gescribe the Ramsey fringes observed in the experiment. The
read out the coherence. This process may be described Usifightion of the atoms should be taken into account. In the case

P]czz —(Yapt 72c)ch2+ i Qgc(szz_ PJcc) =i szpjcb’ (6)

levels|c), |b), and|a;). of a cell containing Ne buffer gas, the probability distribution
for the jth atom in the ceIPj(F,t) may be described by the
A. Basic equations diffusion equatior{27]
Let us consider the interaction of two copropagating plane 9P (F.1)
electromagnetic  waves E,y(z,t)exd—i(2t—kz] and DV2P.(r,t)=KP(r,t)+ ———=, (9)
E,(z,t)exd —i(1t—k2)] with a gas of three-leveh-type at- . . ot

oms shown in Fig. @), whereE,,(z,t) andE,(z,t) are the
slowly varying envelopsy is the carrier frequency, andis
the wave number of the fields. Fiel,,(z,t) interacts with
the transition|a,)—|b), while field E,.(z,t) interacts with
the transition|a)—|c). We consider the case of the near
resonant tuning, i.e.p— w,.= wap— v=0<7y, where y is
the natural decay rate.

To describe the propagation of the light pulses through the B. Solution
atomic vapor, we use Maxwell-Bloch equations in the slowly

varying amplitude and phase approximation. The Maxwell . . )
equations may be written as Let us describe the temporal modulation of the retrieved

pulses. Similar td23], we divide the interaction process by
d . . three independent stages: preparation of the atomic coher-
(E + ﬁ) Qop=i 7]2 Pj(r,t)phy, (1) ence, free evolution of the atomic coherence, and the reading
process.
In the first stage, a part of the atoms is optically pumped

whereD is the diffusion coefficientK is a quantity related
with the coherence decay due to collisions between Rb and
Ne atoms. The diffusion coefficient may be estimatedas
=lsvt, wherel; is the mean free path for a Rb atom in the
cell, andv+ is the average velocity of the atom in the cell.

1. Temporal modulation

d d ) - in the dark state
72" a1 Q=172 Pi(TUpke, vl
0 j Q’ZCCQZb
P e [ 1o
where Qup= ¢ apEap /% and Qoc=g,.Esc/f are the Rabi | Q| “+[ Qo

frequency of the fieldsy,, andg . are the dipole moments,
pb, and pb. are the matrix elements of the corresponding

atgmlc transitionse s the speeg of th? light in Ehe Yacuum, of the magnetic field leads to the increasing of the detuning
Vis the volume of the interaction region, afl(r,t) is the  anq eventually results in the decreasing of the amplitude of
probability to findjth atom in the point with coordinatesat  the coherence.

the moment of time¢. The summation is over the atoms that  The distribution of these aligned atoms is defined by the
are in the interaction region. The coupling constantyis solution of Eq.(9). If the duration of the writing pulses is

=\2mvp?lhc®V. We assume thap,.=g,p=¢, and . long enough compared with the time of diffusion of an atom
=Nop=N\. through the laser beam, the distribution will have a spatial

as it follows from the steady-state solution of E¢3)—(8)
under the condition| Q,p|2+|Q¢/>> ¥7yen, ¥S. Increasing
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size larger than the beam diameter because some atoms left RZ—12  , -
the interaction region during the coherence preparation. P(t)= e MR, (16)

In the second stage, the atoms continue to diffuse through
the cell and more atoms leave the interaction region. Because ) ) )
of the magnetic field, the phase of the atomic coherenc&SSUMING  ppp=1, While  p11=p2=pe=0, Q)
changes aply(t)) = (p%)) exd—(y+2id)t;], where 0)) > YbeY: 97, and

RZ

is the atomic coherence at the moment of start of the free - ;

. . Qe 1Qqp
evolution of the atom. Here, we take into account the coher- Prc= Pbes (17
ence decay ratg,., which appears due to atomic collisions. Y Y

In the third stage, the atoms interact with the reading field. deri i
To describe the reading procedure we rewrite equatidys we derive equations

(7) for the reading(),, and retrieved(,. pulses taking in P P
consideration that the reading occurs on the other optical (—+—)Qlc=—K[Qlc+lepr], (18
transition[see Fig. #b)], so we change the ind€}” by "1” gz det
in set(3)—(7). We introduce collective variables instead of P | 2
ideri i i - ~ 1b .
c_onS|der|ng the evolutlo_n of each pa_rtl_cular atom, and_ con A P —2i6|pye
sider anopen system with external injection to take into at 04
account the diffusion. N
Qi 0 L2idt
. - 0 . _TQlc"—P(t)Pbce ) (19
Pcc= ~ Yod Pcc™ P(t)pcc] typutl (Qicplc_ﬂlcpcl)a
(1D) where k=3N\?/87 is the coupling constant.
_ B The approximate solution of Eq§18) and (19) may be
Pob=—Ybc Pob— 1+ P()pdc]+ ¥p11 presented in form
+i(Q7pp10~ Q10Pp1), (12 QoL t)=—Qqpp0(L— Ugt)ef(ybcﬁ/bc* 2io)t
- - - P(t) .. (L
Pic=—YP1c—1Q1c(p11— Pcc) T l1pppc, (13 — Ky—i)ez'&J’ pod(z)dz, (20)
0

1b

Pb1= = ¥Por T 1Q7p(p11~ Pob) ~1QcPbe, (14) wherev = |Q1,|%/ ky<c is the group velocity for the probe
light pulse. The first term in the right-hand si@eh.s) of Eq.

bbc: _(7b0+;,bc_2i5)pbc+;,bcp(t)pgce—(vbc—2i5)t (20) is the radiation that appears due to stimulated Raman
scattering of the reading light on the atoms that where in the
—i1Q1cpprTi1Q501c, (15  channel of the reading beafd,, when the leading edge of

the pulse entered the medium. This is the retrieved radiation
_widely discussed in the literature concerning quantum infor-
pation storage. As was shown [i5], this radiation may
possess the same properties as the plgeunder appropri-

te conditions. The second term in the r.h.s. of 9) re-

ults from the diffusion of the atoms in the atomic cell. This
rm decays slower in time than the first term. In the experi-
ent, it leads to the long “tail” that appears on the retrieved

pulse.
It is easy to see thd®.(L,t) is modulated with the fre-

wherey, is determined by the average time of atomic dif
fusion through the reading laser beam. If the atomic bea

has radiug, theny,~D/r?.

For the sake of simplicity, we assume here that during al
the time the population of the stgte) is about unity. This is e
possible if all atoms were optically pumped in this state antin
01:>Q4qp as well asQ) >0, .

The diffusion of the oriented atoms into the interaction

region is described by means of a source functio uency corresponding to the ground level splitting due to the
P(t)ppce” 70e” %2, wherepgy(2) is the initial atomic coher- n(r:]nagn(;/tic field? ie. git contagi]ns the time-%epegdent term
ence,P(t) describes the atomic flow into the interaction re- exp(A8). Reading fields, in turn, have no modulation.
gion from outside, a”@zm stands for the free evolution of Therefore, if one measures the intensity of a linear combina-
the atomic coherence in the magnetic field. tion of the reading and retrieved fields, one sees the oscilla-
The functionP(t) can be found from Eq9). For the sake  ions of the power of the signal as the function of time. The
of simplicity, we find P(t_) using simple reasoning. Let us frequency of these oscillations is equal t6.Zhe phase of
assume that during the first two stages of the experiment, W@ oscillation depends on the phase of the written coherence
have excited the coherenqr%b of all the atoms within a znd the phase of the reading field.
cylinder coaxial with the laser beam and having radRlis  To see these modulations in our experiment, we do not
>r. In the absence of the reading field, the decay of thisompensate the reading field exactly, so that the intensity on
coherence due to the atomic diffusion does not depend on the photodetector is proportional thEQ 5+ Qqc(L,1)]2,
and can be described aSpgb exd —(wdr?/R?)]. This ex- where¢<1 is the compensation rate. The best modulation
pression is the solution of E@L5) if appears whedQ,,=Q ., then the power is proportional to

013814-7



A. S. ZIBROV AND A. B. MATSKO PHYSICAL REVIEW A65 013814

cog(8t+d), where phasé depends on the phases of all the Substituting Eq.(28) into Egs.(26) and (27), we find the

fields involved in the experiment. polarizationsp,. and p;, and write Maxwell equations
Separation of the reading and writing laser beams will ~ . 2 2

lead to a shift of the fringes because initially, the atoms inthe ~ 9S%1c _ K Y(¥pe=210)— |Dp]°+ D1l

1c

reading region are not polarized, so the first term in the r.h.s. Iz 2 y(Ype—2i 8) + | Q|2+ Q)2

of Eg. (20) is zero, and it takes some time for the atoms = 0 s

diffusing through the cell to reach the interaction region with N KYbcYPppce™ Q 29
— . SO - _ b

it::e[zr%admg field. This result is similar to the results reported Y(Ype— 21 8) +| Qg 2+] Q1|2

a0 K Y(Yoet 21 8) +|Q1p|2— Q1|2
2. Changing of the CW EIT resonance __ K Yoo LU bl (U

1b

= ; 2 2
Let us now turn to the problem of the narrowing of the 7 2 ¥ (Yoot 218)+[Qapl*+ 1]
transparency resonance of the linearly polarized probe field Koy Pplye 207
in the presence of a linearly polarized drive field spatially +—= - 5 2016. (30
separated with the prol€&ig. 1(b)]. The propagation of the Y(Yoet 2 6) +[Qp|“+[ Q4]

probe field throug.h atomic vapor can be describgd by the, the approximation of a strong probe field2,,|?
steady-state solution of the Maxwell-Bloch equations. The+|Qlc|2:|Q|2>7’:}”va|'y5|v we write the equation for the

Bloch equations may be written in the form sum of the probe field$(2|?, which is proportional to the
: ~ - probe-field intensity measured in our experiment for zero
Pec=~ Yol Pec— V2 + yp11+i1(Q7ep1c— Qicper), 2 magnetic fieldB,
21

2P .
1+ W(Q;ﬁcﬂlbpgce2| or

J ~
L . Zlap=-
Pob=— Yoe(Pob— 112+ yp11+ i1 (Q1pp16— Q1ppp1), t?Zl | Y Ybe
(22
- . : + Q% Qp0e 27 |. (31)
p1c=— ¥P1c— 1 Q1c(p117— Pec) TT1Q1pPpes (23 1b**1cFcb

This equation means that if the coherepge coincides with

the “dark state” coherence, generated by the probe fields

_ . Q1 and Qqp, ie., pd=—Q% Q../|Q? then the absorp-

—iQ1epp1+iQ3pp1c-  tion of the probe field decreases. It may completely vanish if
(25  all the atoms that have interacted with the drive field also

~ interact with the probe field, i.e?=1. Phase shift in the

Unlike the set(11)—(15), P here is a constant that describes conerencepl,, resulting from the phase shift of the drive

the probability of the interaction of the same atom with thefie|q, inevitably leads to changes in absorption of the probe

drive and the probe fields. The timeis the time of atomic  field, observed in our experiment.

diffusion between the driving and reading beams. The initial The width of the absorptive feature is determined by the

populations of the ground states for all the atoms are equal tgiffusion time between the interaction regionsTherefore,

each other, which is taken into account by introducing pumgf the separation between the beams is large enough, the

rate 1/2 in the equations for the populations. We neglect byesonant feature is narrow, which corresponds to our

the coherence decay due to the collisions with the buffer gasbservations.

atoms and assume that the decoherence rate is determined by

the diffusion time of atoms through the interaction area. As- IV. DISCUSSION

suming that the population of the excited sthg is always

much less than the populations of each ground state, w

Pb1=— YPb1+ i Q%(p11— Pob) — 1 Q3 cpbe, (24)

Poc= — (T}"bc_ 2i ‘S)I)bc""T}"bc%p(lgce2i or

Therefore, we see the following explanation of our ex-
eriments. The signal appears due to coherent Raman-like

write scattering process. The linearly polarized writing pulse cre-
0 0 ates a coherence among Zeeman s.ublevelss_gfz,'?t::z _

P1o= e, —lbpbc, (26) level, that scatters the circularly polarized reading pulse into

2y Y a pulse with the carrier frequency shifted on the value equal
to the ground-state splitting®and the opposite circular po-

iQ%, 107 larization. The phase of the retrieved field is determined by

Po1= W - prc- @27 the phase of the atomic coherence, as well as the phase of the
reading field. Because the frequency of the generated field is
Substitution of Eqs(26) and (27) into Eq. (25) yields shifted, the beating between the retrieved and reading fields

appears in the experimefgee Figs. 4—B This proves that
our experiment is different from the four-wave mixing ex-
- ) (28) periments[26], where all the fields interact with atoms si-
Y(Ype— 20 8) + | Q1|2+ [ Q1)? multaneously. In that case, the frequency of the generated

~ = 0 o
QIbQ 1ct 'ch')’Ppbcem o

Poc=

013814-8
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field coincides with the frequency of the reading field. Thefirms the concept of atomic diffusion used in our explana-
magnetic field leads to a decrease of the transformation efftion. The atomic coherence depends on the product of the
ciency only. amplitudes of the writing field€3,E,.. A rotation of the
The long oscillating “tail” of the beat note of the re- \/2 plate by anglep leads to the polarization rotation of the
trieved and reading fields may be explained in terms of thevriting fields by the angle . In other words, the polariza-
separated field method and atomic diffusion in the buffer gasion of the writing pulse changes the phases of the circular
[27,28. The atoms prepared by the writing pulsé®e atoms  componentsE,— E,, exp(d¢) and Epc— E,. exp(—2i¢).
in a coherent superposition @) and|c) state$ leave the  This changes the phase of the written cohereB&gE,,
interaction region, then move chaotically in the cell bouncing_, E3,Ecexp(—4ig) and, therefore, changes the scattering
off Fhe buffer gas atoms e[astically, and return into the i.nter'efficiency. This is exactly what we see in Fig. 6
action zone after SOme time de_lay. Ea(‘:‘h atO”_‘ ac,?“'re_s @ The shift of the maximum of the oscillation amplitude in
phase Sh.lft depending on the time O.f. free flight. Thls. the case of spatially separated writing and reading beams is
phase shift changes the scattering efficiency of the readin lated to the time of diffusion of the coherent atoms be-

field, similar to the Ramsey method of separated fields. As feen writing and reading zones. The mean free path of Rb

result, the temporal intensity profile of the beat note of the X ) X
pulses is modulated. atoms in 3 Torr of Ne is~0.01cm[28], so it takes~400

As follows from Eq.(20), the retrieved radiation contains collisions with the buffer gas atoms to pass 2 mm distance.
two basic parts: the field that is generated in the channel of his corresponds te-100s time delay, which is in a good
the reading laser beam just after the field switching on andgdreement with the experimental result.
the field that appears due to atoms arriving to the interaction TO see how the atomic motion changes the properties of
region with some time delay. The atomic coherence decay#ie light transmission, we perform the second part of our
very fast after switching on the reading pulselOns if the  experiment, where the transmission of the probe field de-
atoms do not leave the interaction zone. This results from thpends on the spatially separated drive field. We use uncoated
radiation broadening. During this short time, the first part ofcells to be sure that atoms that have collided with the wall
the retrieved field is generatgthe first term in the r.h.s. of are nearly incoherent. Only the atoms that interact with the
Eq. (20)]. This pulse leaves the atomic cell with the groupdriving field and after that enter the probe field are able to
velocity vy, that is~ 10° cm/s in our experiment. Therefore, change probe transmission.
this part of the signal has a duration less thafv The experimental resultéFigs. 9 and 1P are in good
~ 100 us, while the duration of the observed beat note signahgreement with our theoretical predictions. Namely, the pres-
is about 1 ms. Hence, in our experiments, the damping ratgnce of the driving field increases transmission of the probe
of the coherence is defined by diffusion processes in th@eld and makes the transmission line narrower. It is worth to
buffer gas. This explains the long “tail” of the retrieved mention here, that if the drive and the probe fields are not
pulse. spatially separated, the transmission increases too, but the

In a vacuum cell with uncoated walls, the atomic coher-resonance becomes broader.
ence decayS due to atomic collisions with the walls. This Change of the phase of the prepared coherence by rotation
leads to washing out the scattering effect observed in the cefff the \/2 plate leads us to change the sign of the narrow
with buffer gas. The residual beatini@) may appear either feature in the transmission. We have performed the same
due to the initial retrieved radia.tion, not connected with theexperiment with a cell Containing buffer gas and found simi-
diffusion processeven in the vacuum cell, the group veloc- |ar pehavior of the transmissidiFig. 11).
ity of light is less than 19cm/s), or due to incomplete co- |t s interesting that this spatial coherence transfer mecha-
herence destruction by the wall collisions. nism may explain some important features of the experi-

The modulation of the signals appears only for nonzergments on the nonlinear magneto-optic rotati@d]. Usually
magnetic fields because degenerate Zeeman coherence R presence of a buffer gas in an atomic cell results in nar-
zero frequency and does not evolve in time. The magnetigoy features in the transmission and polarization rotation in
field removes this degeneracy and leads to the light modulahe vicinity of a zero magnetic fielésubstantial narrowing
tion. In the spirit of separated field experiments, the modufor the transmission resonance, and the unusual kinklike
lation frequency is independent of the intensity of the readshape in the rotation We explain these features as conse-
ing field, but it does depend on the eigenfrequency of thquences of the atomic diffusion. In a sense of the method of
spin coherence determined by the Zeeman splitting of atomigeparated fields, the diffusing atoms make the resonance fea-
sublevels(Fig. 5). ture narrower similar to the effect of line narrowing that

~ Because our scheme is in the Doppler-free configurationgccurs in the atomic cells with anti-relaxation coatfi@d
it is insensitive to the atomic velocity. The main reason of the

Ramsey interference effect in our experiment is the atomic

d|ffu§|on in the real space, not .the velocity d|ffus_|on_ of V. CONCLUSION

atomic coherence within an optical Doppler distribution,

originated from velocity-changing collisions with the buffer ~ We have shown that diffusion of Rb atoms in a cell with

gas|9]. buffer gas changes the atomic response on resonant excita-
The phase sensitivity of the oscillations of the intensity oftion by laser light. These changes may be qualitatively de-

the retrieved pulse to the writing light polarization also con-scribed as a result of repeated, and separated in time, inter
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