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Abstract
We introduce and demonstrate an experimentalmethod, optically-detected spin-echo (ODSE), to
measure ground-state relaxation times of a rubidium (Rb) atomic vapor held in a glass cell with buffer-
gas. Thework ismotivated by our studies on high-performance Rb atomic clocks, where both
population and coherence relaxation times (T1 andT2, respectively) of the ‘clock transition’ (5

2S1/2
= = ñ « = = ñ∣ ∣F m F m1, 0 2, 0g F g F ) are relevant. OurODSEmethod is inspired by classical

nuclearmagnetic resonance spin-echomethod, combinedwith optical detection. In contrast to other
existingmethods, like continuous-wave double-resonance (CW-DR) andRamsey-DR, principles of
theODSEmethod allow suppression of decoherence arising from the inhomogeneity of the static
magneticfield across the vapor cell, thus enablingmeasurements of intrinsic relaxation rates, as
properties of the cell alone. Our experimental result for the coherence relaxation time, specific for the
clock transition,measuredwith theODSEmethod is in good agreementwith the theoretical
prediction, and theODSE results are validated by comparison to those obtainedwith Franzen, CW-
DR andRamsey-DRmethods. Themethod is of interest for a wide variety of quantumoptics
experiments with optical signal readout.

1. Introduction

Alkali atomic vapors are widely used inmany types of high-resolution atomic physics experiments like nuclear
magnetic resonance (NMR) [1] and precisionmeasurements in applications such as opticalmagnetometry [2],
vapor cell atomic frequency standards [3, 4], quantum entanglement and information storage [5], miniature
atomic clocks [6], navigation systems [7–9], spin squeezing [10]. All these applications rely on long-lived
ground-state spin-polarization of the alkali vapor in the cell [11]. Particularly in the vapor-cell atomic clocks, the
clock stability critically depends onwidth and contrast of the atomic resonance line. The resonance linewidth is
determined by various parameters, and ultimately, by the relaxation processes occurring in the cell. Like in
NMR, alkali atoms in the vapor cellmay lose their polarization due to various types of collisions, interactions
with electro-magnetic fields, and also due to inhomogeneity of the staticmagnetic field.

Studies of relaxation processes in various spin-polarized systems have a long-standing history ofmore than
70 years. In the case of atomic relaxations in alkali vapors, Franzen presented the ‘relaxation in the dark’method
[12] in 1959 andmeasured the population relaxation time of optically-pumpedRb atoms in the vapor cell.
Franzen’smethod has beenmodified and used by other groups to determine both population and coherence
relaxation times in Rb orCswall-coated vapor cells [13–16].Moreover,methods of nonlinearmagneto-optical
rotation [11, 17], ground-stateHanle effect [18, 19] and optically detectedmagnetic resonance [19, 20]were
employed tomeasure the hyperfine and the Zeeman relaxation times inwall-coated or in buffer-gas alkali vapor
cells. VariousmodifiedNMR spin-echo techniques [21] have been studied both theoretically and experimentally
for solid-state systems to extend the coherence time [22, 23]. Similar techniques like dynamical decoupling
approach [24, 25] and gradient echomemory [26] applied in quantummemory studies aim for example to
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minimize the detrimental effect of inhomogeneous broadening on the coherence storage time of the quantum
bit (qubit) or to use the artificially created broadening for storage of broad-band optical pulses without
deterioration of the storage time [27–29].

In this paper, we present our ‘optically-detected spin-echo’ (ODSE)method tomeasure the relaxation times
in a Rb vapor cell with buffer-gas. Thismethod is a combination of Franzen [12], Ramsey-DR [16] andNMR
spin-echo [21] techniques.We apply theODSEmethod to our high-performance 87Rb atomic frequency-
standard setup presented in [30, 31] and showhow to determine the intrinsic coherence relaxation time (T2)
specifically for the ‘clock transition’ (52S1/2 = = ñ « = = ñ∣ ∣F m F m1, 0 2, 0 ,g F g F see figure 1). Herewe use
the term ‘intrinsic’ to describe the relaxations that do not include any influence of any electro-magnetic field but
are influenced only by the various types of collisions that depend on the cell design and the temperature [19] (see
section 2). Gradients in the staticmagnetic field across the vapor cell are some of themain sources of the
relaxation processes. Such induced relaxation processesmaymask the real intrinsic relaxation times during
measurements, thus hindering their precise determination. TheODSEmethod enablesmeasurements that are
free of the influence of the staticmagnetic field gradients.

In section 2we briefly recall the theory of relaxation processes in a buffer-gas vapor cell [3], and use it to
estimate the ‘intrinsic’ population and coherence relaxation times (T1 andT2 respectively) of the clock transition
in our 87Rb vapor cell. In section 3, we introduce the experimental setupwhich is basically a Rb atomic clock
[30, 31]. Finally in section 4, we present the results of relaxation timesmeasured in the same 87Rb vapor cell by
usingODSE, Franzen, continuous-wave double-resonance (CW-DR), andRamsey-DRmethods. The
advantages and limitations of thesemethods are discussed.

2. Theory of relaxation processes in a buffer-gas vapor cell

Ultra-narrow signal linewidths employed in atomic precision experiments and instrumentations, such as atomic
clocks, are ultimately limited by the relaxation processes in the atomic sample. For example in a Rb atomic clock,
the frequency of a quartz oscillator is stabilized to the frequency of the 87Rb hyperfine clock transition [32]
observed in a Rb vapor cell. Rb atoms are optically pumpedwith a laser to create a population imbalance and
microwave interrogation creates a coherence between the two ground states Fg=1 and Fg=2 of 87Rb atoms.
Due to the relaxation processes, this population imbalance and coherencemay be destroyed and the prepared Rb
atoms lose their polarization. The dynamics of this process is characterized by the relaxation times on the atomic
levels. The two parameters of longitudinal relaxation rate g1 and transverse relaxation rate g2—which are inverse
of the relaxation timesT1 andT2, respectively—describe the population and coherence relaxations for the clock
transition, respectively (see figure 1).

We use thewell-known relaxation theory [3] and the experimentally-determined parameters presented in
[3] to estimate approximately g1 and g2 for our

87Rb vapor cell. Collisions of polarized 87Rb atomswith the cell
walls, with buffer-gas particles andwith other Rb atoms—the latter is known as spin-exchange—are the sources
of relaxation processes occurring in a vapor cell. The total intrinsic population and coherence relaxation rates, gi
(here and in the following index i stands for 1 and 2 for the population and coherence, respectively), are equal to

Figure 1.Atomic level scheme of 87Rb. The optical pumpingwith the laser at 780 nm creates a population imbalance between two
ground states Fg=1 and Fg=2 via excited-state 52P3/2. Due toDoppler and collisional broadening, the hyperfine levels of the
excited-state are not resolved by the laser light. The clock transition (52S1/2 = = ñ « = = ñ∣ ∣F m F m1, 0 2, 0g F g F ) is addressed by
choosing appropriatemicrowave frequency. g1 and g2 are the population and coherence relaxations rates for the clock transition,
respectively.

2
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the sumof the three relaxation processes induced by the cell walls g ,iW the buffer-gas giBG and spin-
exchange g .iSE

The presence of a buffer gas in the cell reduces the rate of depolarizing collisions betweenRb atoms and the
cell walls. Therefore, relaxation rates g ,iW due to collisions of Rb atomswith the cell-walls, depend on the cell
dimensions, cell temperatureT and the total buffer-gas pressure, P, in the cell. In lowest order diffusion
approximation, it is described by [3]:

g p= +(( ) ( ) ) ( ) ( )a L D P P2.405 , 1i iW
2 2

0

where a=1.25 cm and L=2.5 cm are the radius and length of our cylindrical 87Rb vapor cell, respectively. Di

is the diffusion constant of Rb atoms in the buffer-gas particles of interest which is proportional toT3/2, P0 is the
standard atmospheric pressure (1013.25 mbar) andP is about 33 mbar in our vapor cell.

Rb atoms also collidewith the buffer-gasmolecules in the vapor cell, which changes the electron density at
the Rbnucleus and results in a change of hyperfine coupling in theRb atoms [33]. The resulting buffer-gas
relaxation rate giBG is described as:

g s= ( ) ( )L v P P , 2i r iBG 0 0

where L0=2.686 7774 (47)×1025 m−3 at 0 °C is Loschmidt’s constant, vr is themean relative velocity
between a 87Rb atomand a buffer-gas particle, and si are the collisional cross-sections between colliding particles
responsible for population and coherence relaxations. The temperature dependence of the above equation
appears in the average relative velocity pm= ( ) /v k T8r B

1 2 where kB is the Boltzmann constant and m is the
reducedmass of the colliding particles (here Rb and buffer-gas atoms).

Note that in the case of anti-relaxationwall-coated cells the relaxation processes as described by
equations (1) and (2) do not apply and the relaxation rates are instead governed by the properties and the quality
(such as purity and coverage) of the coating [34–36]. Suchwall-coated cells are however not considered in this
study.

Collisions betweenRb atoms in the vapor cell result in de-coherence due to spin exchange. The resulting
population g1SE and coherence g2SE broadening are described by:

g s= ( )nv , 3s1SE SE

g g= + +( ) ( ) ( )I I6 1 8 4 , 42SE 1SE

respectively, where n is the number density of the Rb vapor, vs is the average relative velocity between two
87Rb

atoms and sSE=1.6×10−18 m2 is the spin-exchange cross section. I is the nuclear spin and for 87Rb is equal to
3/2.

The total expected relaxation rates in our cell are given by:

g g g g= + + ( ). 5i i i iBG W SE

All these contributions to the intrinsic population and coherence relaxation rates are listed in table 1. They
were calculated from equations (1)–(4) for the clock transition in our 87Rb vapor cell using experimentally
measured parameters for Di and si taken from [3]. Finally, both intrinsic relaxation times for the clock transition
are calculated to beT1≈T2=4.5 ms.We note that the reported literature values for Di and si show
considerable scatter, which results in a total uncertainty of 7% for both intrinsicT1 andT2 [12, 37–39].

In addition to the various presented types of collisions of the polarized Rb atoms in the vapor cell, their
interactionswith other electromagnetic fieldsmay also be interpreted as sources of relaxations. The
electromagnetic fields present in our atomic clock are the optical and themicrowave fields that are used to
prepare, drive and detect the resonance [30, 32] and the staticmagnetic field applied to lift the Zeeman
degeneracy. The lattermay have some residual inhomogeneity across the vapor cell. In amicroscopic view, Rb
atoms canmove in the vapor cell and—due to thefield inhomogeneity—theymay experience various static
magnetic fields. This effect introduces additional dephasing [40]which results in a decrease of themeasured

Table 1.Calculated intrinsic relaxation rates/times in Rb vapor cell, at
T=336 K.

g1 (s
−1) g2 (s

−1)

Buffer gas collisions g( )iBG 12 79

Diffusion to cell walls g( )iW 26 25

Spin-exchange g( )iSE 185 116

Total rates 223 220

Calculated relaxation times (ms) T1=4.5 (3) T2=4.5 (3)
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coherence relaxation time depending on themethod (see section 4). InNMR, the overall coherence relaxation
time *T2 due to thefield inhomogeneity is given by [41]:

* h= +- - ( )T T G , 62
1

2
1 2

where,T2 is the intrinsic coherence relaxation time,G is the local gradient of the staticmagnetic field and h is a
proportionality factor depending on atomic and experimental parameters.

In this study, we determine the coherence time *T2 by usingCW-DR andRamsey-DR schemes (sections 4.2
and 4.3, respectively), while withODSEmethod the intrinsic coherence relaxation timeT2 is obtained
(section 4.4).

The system studied here is an alkali vapor cell with relatively high buffer-gas pressure, where the Rb atoms
are effectively localized to a fewmicrometers over themeasurement timescales. Due to this localization, the
sample shows inhomogeneous shifts and broadenings because of the inhomogeneity of external fields [42]. This
is fundamentally different from the case of anti-relaxationwall-coated cells without buffer gas where the atoms
move freely through the entire cell volume and experience only homogeneous shifts and broadenings as well as
narrowing [43].

3. Experimental setup

Figure 2 shows the schematics of our experimental setup, basically a Rb atomic clock, whose details were
previously presented in [30, 31]. It consists of threemain parts: (1) the physics package containing the
microwave cavity and the vapor cell, (2) the compact frequency-stabilized laser head (LH), and (3) the
microwave synthesizer. The physics package contains the in-house-made cylindrical glass cell with both
diameter and length of 25 mm. The cell contains isotopically enriched 87Rb and amixture of Argon and
Nitrogen as buffer gases. The vapor cell is placed in a compactmagnetron-typemicrowave cavitywhich
resonates at the 87Rb clock transition frequency of≈6.835 GHz, with a TE011-likefield-mode geometry [44]. A
magnetic coil placed around the cavity generates a staticmagnetic field oriented parallel to the cell’s symmetry
axis and the laser propagation vector (


Z direction) to lift the degeneracy of 87Rb hyperfine ground states into

their respective Zeeman levels. The laser is a distributed-feedback laser diode emitting at 780 nm frequency
stabilized onRbD2 sub-Doppler absorption lines using a compact (1.4 cm3)magnetically-shielded and
thermally-controlled 87Rb evacuated cell. An acousto-optical-modulator (AOM) is implemented in the LH and
serves as a switch to control the duration and intensity of the laser pulses [45]. TheAOMhas the fall and rise
times<5 μs. Themicrowave synthesizer is used to generate the≈6.835 GHz radiation for 87Rb clock transition
with a resolution below 1 μHz, and also controls the optical andmicrowave pulse sequences with a timing
resolution at the level of 2 μs, as used in the pulsed schemes [46]. All pulse durations and synchronization in the
pulsed schemes are referenced to the high-stability quartz oscillator of the atomic clock setup, thus assuring a
timing accuracy far below the nanosecond level over the duration of the pulse sequences employed (for typical
pulse sequences, see sections 4.1, 4.3, and 4.4).

4. Characterizationmethods and results

Weapply fourmethods, Franzen, CW-DR, Ramsey-DR andODSE tomeasure the relaxation times in the buffer-
gas 87Rb vapor cell. TheCW-DR andRamsey-DR schemes were previously also used for analyses from a

Figure 2. Schematic of the experimental setup. The staticmagnetic field

B is oriented parallel to the cell’s symmetry axis and the laser

propagation vector (

Z direction). The cylindrical vapor cell has both diameter and length of 25 mm. (AOM—acousto-optical-

modulator.)
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metrological point of view including the short- and long-term frequency stability of our Rb atomic clock [47].
Franzen, Ramsey-DR andODSEmethods operate in pulsemode. In these three pulsedmethods,first an optical
pumping laser pulse creates a population imbalance by depopulating the 87Rb Fg=2 andfilling the Fg=1
ground state in the vapor cell (see figure 1). In the cases of Ramsey-DR andODSEmethods, optical pumping is
followed by series ofπ/2 and/orπmicrowave pulses that create/modify coherence between the ground states.
Finally—in all three pulse schemes—a laser probe pulse with the same frequency as during the optical pumping
pulse is used tomeasure the optical density (OD) on the transition starting from Fg=2 state by using a
photodetector. To avoid re-pumping, this probe pulse has an approximately 100 timesweaker intensity than the
pumppulse. The variation of theODas a function of time gives information about the population and/or
coherence relaxation times. OD is defined to be the ratio of the incident I0 and transmitted It laser probe pulse
intensities:

= - ( ) ( )I IOD ln . 7t 0

In the pulsed schemes, the laser probe pulse used for the detection does not resolve the atomic excited state
because all the optical transitions to this 52P3/2 state are overlappedwithinDoppler linewidth. Furthermore, the
clock transition cannot be addressed selectively by the laser alone either, because both the intrinsic transition
linewidth and theDoppler linewidth aremuch larger than the Zeeman splitting in the 5S1/2 ground state. Hence,
in these pulsed schemes, we can only address the population relaxation time between allmF levels of the ground
stats Fg=1 and Fg=2 simultaneously (and not the clock transition only)whichwewrite ¢T1 throughout this
article. In Ramsey-DR andODSEmethods the frequency of themicrowave field selects a particular hyperfine
transition, which allowsmeasuring its coherence relaxation time referring to the two involvedmF states only.

In the case of the CW-DR scheme, the linewidth of the resonance signal can be used to extract the coherence
relaxation time for the clock transition. Also in theCW-DR scheme, themicrowave frequency selects the specific
Zeeman sublevels of interest. In all the abovemethods, noDoppler broadening occurs on themicrowave
transition, due toDicke narrowing [43].

4.1. Franzen scheme
Franzen’s well-known scheme of relaxation in the dark [12] formeasuring population relaxation time is an all
opticalmethod, with absence of anymicrowave pulse. The timing sequence of the Franzen scheme is shown in
inset infigure 3. First, a population imbalance is created between the ground states of 87Rb atomswith the optical
pumping. Then during the dark timeT ,Dark the laser beam is switched off and the hyperfine population
imbalance relaxes towards the thermal equilibrium. Finally, with a second laser pulse the sample’sOD is probed
which is ameasure of the atomic population in Fg=2. Figure 3 shows the experimentally obtainedODwhen
TDark is varied, with the pump and probe pulse duration of 1 ms and 0.1 ms, respectively. By increasing the dark
time,more atoms decay from Fg=1 to Fg=2which results in increasing theOD. The data for themeasurement
isfittedwith the equation:

= - - ¢( ) ( )A B T TOD exp , 8Dark 1
Franzen

whereA,B and ¢T1
Franzen are the fitting parameters. Asmentioned above, with this scheme only the population

relaxation time of allmF levels simultaneously ismeasured, which is determined as ¢T1
Franzen=3.23 (6)ms from

Figure 3.Optical density of the vapor cell in the Franzen schemewith the pump and probe pulse duration of 1 ms and 0.1 ms,
respectively. The frequency of the laser pump and probe pulses are the same but the intensity of the optical detection pulse is about 100
timesweaker than the intensity of the optical pumping pulse. Solid red circles are the experimental data with corresponding error bars
and blue dashed curve is a fit based on equation (8). Error bars are dominated by technical noise and increase with increasing TDark due
to decreasing transmitted intensity, It. Inset: timing sequence of the Franzen scheme.

5
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equation (8). This result did not change significantly when themeasurement was repeatedwith the pump and
probe pulse durations varied by±50%.

4.2. CW-DR scheme
In the case of CW-DR scheme [30], the laser optically pumps the Rb atoms in the vapor, while simultaneously a
microwavefield near-resonant with the 87Rb hyperfine clock transition is applied. The transmitted light signal as
a function ofmicrowave frequency is ameasure of the atomic ground state polarization known asDR signal.
Figure 4 shows a typical DR signal which is obtainedwhen themicrowave frequency is scanned near resonance
with 0.45 μWinput power to the cavity andwith 125 μWoptical power to the cell. The linewidth of theDR
signal is ameasure of the coherence relaxation rate [32], but is additionally increased by optical andmicrowave
power broadenings. To correct for this power broadening, the intrinsicDR signal linewidth, nD / ,1 2 is
determined by extrapolating themeasured linewidth to zerowith respect to both the optical andmicrowave
powers, figure 5. By using thismethod, a coherence relaxation time for the clock transition, which is selectively
driven by the appliedmicrowave, is found to be * p n= D =-( ) ( )‐

/T 2.4 42
CW DR

1 2
1 ms [3]. However, this

* ‐T2
CW DR is significantly smaller than the predicted intrinsicT2 from table 1. This can be attributed to

uncertainties in the extrapolations and to additional relaxation due to gradients of the staticmagnetic field in the
vapor cell which are well-known fromNMR [40, 41].

4.3. Ramsey-DR scheme
In theRamsey-DR scheme [48, 49], the three steps of optical pumping,microwave interrogation and optical
detection are separated in time, see inset infigure 6. First, during the optical pumping a strong laser pulse creates
a population imbalance between the two ground-state sublevels of 87Rb. The optical pumping pulse has an input
power to the vapor cell on the level of 14 mWand a duration of 0.4 ms. After this pumping pulse, in absence of
light, two coherentπ/2microwave pulses are applied that are separated by the Ramsey timeTR. Bothmicrowave

Figure 4.Typical DR signal in the CW-DR schemewhen themicrowave and laser input powers to the cavity and the cell are 0.45 μW
and 125 μW, respectively. Inset: timing sequence of theCW-DR scheme.

Figure 5.Extrapolation of theDR signal linewidth to zero optical andmicrowave powers. Solid red circles are the linewidths obtained
by extrapolation to zero laser power and the blue dashed line is the linearfit of the data.

6
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pulses have the same duration of 0.4 ms, the same amplitude corresponding to a power of−18.2 dBm injected to
the cavity and the samemicrowave frequency. The amplitude and duration of theπ/2microwave pulses in our
Rb atomic clockwere optimized according to the Rabi oscillationmethod presented in [50].

On the atomic level, the firstπ/2microwave pulse creates a coherent superposition of the two hyperfinemF

=0 states involved in the clock transition. During the Ramsey time, atoms evolve freely at the Larmor
frequency. The second resonantmicrowave pulse converts the accumulated atomic phase into a population
difference between the hyperfine states. Finally, in the last sequence the optical detection takes placewith the
laser. The laser frequency is the same for both optical pumping and detection steps, but the laser intensity is
about 100 timesweaker during the detection. In the Ramsey-DR scheme, the optical detection pulse duration is
0.7 ms [51]which results in an overall duration of one complete interrogation cycle of the scheme equal toT R

+ 1.9ms.
Figure 6 shows typical detected Ramsey fringes obtained by varying themicrowave pulse frequency around

the clock transition frequency, here for a Ramsey time ofTR=3 ms. TheODof theRb vapor is recorded for
various values ofTR, with themicrowave detuned from the clock transition by a fixed detuning d (seefigure 6)
[16]. Figure 7 shows the recordedOD as a function of Ramsey timewhen the cavity is placed in a staticmagnetic
field of 40 mG and the frequency of themicrowave field is detuned from the resonance by d=3.8 kHz. The data
isfittedwith the function [16]:

* pd j= - - ¢ + - +( ) ( ) ( ) ( )A B T T C T T TOD exp exp sin 2 , 9R 1
Ramsey

R 2
Ramsey

R

whereA,B,C, ¢T ,1
Ramsey *T ,2

Ramsey d andj are the fitting parameters. Thefit gives the relaxation timeswith
uncertainties ¢T1

Ramsey=3.20 (1)ms and *T2
Ramsey=3.95 (25)ms. Inset offigure 7 is the plot of the third term

of equation (9)which shows the Ramsey oscillations in better contrast than theODplot infigure 7.
In thismethod, like in the Franzenmethod, the ¢T1

Ramsey is ameasurement of the population relaxation time
for allmF levels confounded and it is consistent with ¢T .1

Franzen However in contrast to the ¢T1
Ramsey population

Figure 6.Typical Ramsey fringes obtainedwhenTR=3 ms. Inset: timing sequence of the Ramsey-DR scheme.

Figure 7.Optical density of the vapor cell in the Ramsey-DR scheme. Solid red circles are the experimental data and blue dashed curve
is a fit based on equation (9). Inset: plot of the third termof equation (9).
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relaxation time, *T2
Ramsey refers to the coherence relaxation time specific for the clock transition alone [16]. It is

longer thanT2 fromCW-DRmethod, but this *T2
Ramsey is still significantly shorter than the predicted coherence

relaxation time (T2=4.5 ms) from section 2. A likely reason for this can be the presence of the inhomogeneity
of the staticmagnetic field inside our vapor cell thatmotivated us to propose ourODSEmethod to suppress this
effect andmeasure the intrinsicT2 (see section 4.4). Although, we note that such staticmagnetic field gradients
are generally small across the vapor cell in our atomic clock, for example on the order of 4% in a similar physics
package (see [52]).

In addition to the relaxation times, themicrowave detuning from the resonance—which is given by the
Ramsey oscillations—is obtained from thefit to equation (9) to be d=3.8±0.003 kHzwhich is in excellent
agreementwith themeasurement conditions.

4.4.ODSE scheme
In order to suppress coherence relaxation due to staticmagnetic field gradients (see section 2), we propose the
new scheme ofODSE. TheODSEmethod is inspired by theNMR spin-echomethod presented byHahn [21]
which is used to narrow the resonance line broadening in inhomogeneous staticmagnetic fields.

In classical NMR spin-echo, a pickup coil is required to detect themagneticmoments’ precession of the
sample [40], which on one hand cannot easily be integrated into an atomic clock using amicrowave cavity and
on the other hand can collect noise from the cell and reemit the collectedmicrowaves through thewires outside
of the cell, thus producing additional noise. In the proposedODSEmethod a photodetector is used tomeasure
theOD in the vapor cell which ismuchmore robust, reliable and does not feedback noise to the atoms, thus
circumventing the problems existing in the standardmethod of detection using pickup coil.

In the Ramsey-DR scheme, after the firstπ/2microwave pulse, because of the inhomogeneity of the static
magnetic field, the atomic spins dephase at different rates and their coherence starts to decaywhich finally results
in a shorter coherence relaxation time compared to the intrinsicT2. To suppress this effect—like inNMR spin-
echo—we apply aπmicrowave pulse added between theπ/2microwave pulses of the Ramsey-DRmethod and
propose this resultingODSEmethod for relaxation timemeasurements in an atomic vapor cell (see figure 8(a)).
In theODSEmethod, all the experimental conditions of optical pumping, optical detection andπ/2microwave
pulses are the same as for the Ramsey-DR scheme (see section 4.3). The additionalπ pulse is separated from each
of the twoπ/2 pulses by a dephasing timeTSE and has the same frequency and amplitude as theπ/2 pulses, but
its duration is two times longer so the duration of one complete cycle ofODSE scheme becomes 2TSE+ 2.7ms.
Theπ pulseflips the direction of dephasing spins and reverses the spin phases (spin-flips). After some time equal
to the dephasing time,TSE, the dephased states are rephased at the instant of the secondπ/2microwave pulse.
Finally, the detection by the secondπ/2 pulse and the laser pulse destroys the atomic coherences so nomore
consecutive echoes (as observed inNMR, see figure 8(b)) can be detected. TheODof the vapor sample is
recorded by varying the rephasing (and dephasing) timeTSE, with the same experimental conditions as in the
case of Ramsey-DR scheme, i.e. a staticmagnetic field of 40 mGandmicrowave frequency detuning of
d=3.8 kHz from the clock transition. Like in the Ramsey-DRmethod, a trade-off exists for selecting d in the
ODSEmethod: for very small d, big initial variations in It and thus inOD can be observed, but only few
oscillations occur before they are damped away after aboutTR orTSE≈2·T2. For very big d on the other hand,
many oscillations can be observed over this timescale but themaximumvariation of It is small, which reduces
the signal-to-noise ratio of theODdata.

The experimental data shown infigure 9 isfitted to the function:

pd j= - - ¢ + - +( ) ( ) ( ) ( )A B T T C T T TOD exp 2 exp 2 sin 4 , 10SE 1
ODSE

SE 2
ODSE

SE

whereA,B,C, ¢T ,1
ODSE T ,2

ODSE d andj are the fitting parameters. Thefit gives both the relaxation times of
¢T1
ODSE=3.21 (5)ms andT2

ODSE=4.30 (85)ms and d=3.8±0.005 kHz. ¢T1
ODSE refers to the population

relaxation time for the transitions between allmF levels (like in the Franzen andRamsey-DRmethods). It shows

Figure 8.Timing sequences of: (a)ODSE scheme. (b)Classical spin-echo scheme.
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a very good consistencywith the obtained ¢T1 fromFranzen andRamsey-DRmethods. ThemeasuredT2
ODSE is

in a good agreementwith the predicted intrinsic coherence relaxation timeT2 (≈4.5 ms).
In our proof-of-principle experiment, themeasured relaxation times inODSEmethod have larger

uncertainties (3–5 times) compared to the ones from the Ramsey-DRmethod.We attribute this phenomena to:
(1) theODSE signal has a lower amplitude than the Ramsey-DR signal which is due to the longer duration of one
complete interrogation cycle (2.7ms+ 2TSE versus 1.9ms+TR), and (2) the residual instabilities of the
microwave-synthesizer frequency over the entiremeasurement duration of about two hoursmay introduce
additional noise on the signal (in Ramsey-DR andODSEmethods about 250 (figure 7) and 150 (figure 9) data
points are presented, respectively).

To demonstrate the enhanced immunity of theODSEmethod to inhomogeneity in the staticmagnetic field,
themeasurements were repeatedwith bothRamsey-DR andODSEmethodswhen the staticmagnetic fieldwas
doubled to 80 mG—resulting also in doubling of the staticmagnetic field gradient dominated by the geometry of
thefield coil—while all other parameters were kept unchanged. Under these conditions, withODSE scheme the
coherence relaxation timewasmeasured to beT2

ODSE=4.26 (80)mswhich is consistent to better than 1%with
themeasured coherence relaxation timewhen themagnetic fieldwas 40 mG. But in the case of the Ramsey-DR
scheme at highermagnetic field, the coherence relaxation timewasmeasured to be *T2

Ramsey=3.80 (25)ms
which is about 4% shorter compare to *T2

Ramsey=3.95 (25)msobtainedwith lowermagnetic field and its
gradient. This comparison shows that theODSE scheme is a promisingmethod to suppress the effect of
inhomogeneity of the staticmagnetic field across the vapor cell, even in the case of ourwell-controlled clock
physics packagewith its highly homogeneousmagnetic field.

5. Conclusion

Wehave introduced and demonstrated themethod ofODSE to determine the population relaxation time (for all
mF levels of the Fg=1 and Fg=2 ground states simultaneously) and the intrinsic coherence relaxation time,T2,
specifically for the clock transition in a thermal atomic vaporwith buffer-gas in view of its application to atomic
clocks. Thismethodwas compared to otherwell established Franzen, CW-DR andRamsey-DRmethods using
the same 87Rb vapor cell. The population relaxation timemeasuredwith theODSEmethodwas very consistent
with the ones fromFranzen andRamsey-DRmethods. In all those pulsedmethods, the obtained population
relaxation timemeasured for allmF levels simultaneously (and not only for the clock transition).We have shown
that theODSEmethod suppresses coherence relaxation arising fromgradients in the staticmagnetic field across
the vapor cell and thus yields the intrinsic coherence relaxation time closer to the theoretically predictedT2. In
contrast, themeasured coherence relaxation times by bothCW-DR andRamsey-DRmethodswere shorter than
the predictedT2, due to the inhomogeneity of themagnetic field.

Our proof-of-principle demonstrations shows thatODSE is a highly useful tool formeasuring intrinsic
relaxation rates in atomic vapors, independently of presentmagnetic field gradients. BymeasuringT2 timeswith
both theODSE andRamsey-DR schemes, it should also be possible to obtain experimental information on the
magnetic field gradients across the atomic sample or vapor cell under study. Contrary toNMR spin-echo, our
ODSEmethod does not need any pickup-coil but uses a photodetector to record the light absorbed in the vapor
cell (OD), which ismore robust and less noisy than detection in the radio-frequency ormicrowave regime.

Figure 9.Optical density of the vapor cell in theODSE scheme. Solid red circles are the experimental data and blue dashed curve is afit
based on equation (10). Inset: plot of the third termof equation (10).
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Moreover, the photodetector can be conveniently placed outside the atomic vapor systemunder study—in our
case outside the entire vapor-cell clock physics package—whichmakes theODSEmethod an ideal candidate for
characterizing relaxation times in atomic clocks with a cavity.While not covered by this present study, it would
be of interest to study a potential extension of theODSE technique to less localized atomic systems such as vapor
cells without buffer-gas but equippedwith an anti-relaxationwall coating. Similarly, theODSEmethod is of
high interest for characterizing relaxation rates in other quantumoptics systemswith optical readout, such as
quantum information storage or processing [5, 53], cold-atom experiments [54], and other applications of
quantum systems that rely on long-live atomic coherences.
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ABSTRACT 
We have investigated experimentally and theoretically four-wave mixing (FWM) in hot potassium vapor as 
a medium for producing slow and store light. Two pump and a single probe photon were mixed in double-Λ 
system, characterized by parametric amplification of coupled co-propagating probe and conjugate beams. We 
have observed very high gains of probe and conjugate, up to 60 and 80 respectively, at two photon Raman 
resonance, under large one photon detuning, and high K-cell temperature. Using an amplifying medium to 
alleviate the absorption and distortion of propagating pulses are important for slow-light propagation.  We 
observed ultraslow propagation of probe and conjugate pulses under conditions when parametric amplification of 
twin beams is well below their maximum values. A fractional delays of close to 5 at a gain ~1.5,  for the probe 
pulse of 20 ns, have been achieved simultaneously for both probe and accompanying conjugate pulse. FWM 
mixing process under conditions of the experiment results in broadening of twin beams, close to observed 
delays. 
Keywords: four way mixing, electromagnetically induced transparency, slow light, potassium. 

1. INTRODUCTION
Four-wave mixing (FWM) in the double lambda configuration in alkalis has been intensively studied since 
electromagnetically induced transparency (EIT) in double-atomic systems allows control of the FWM process, 
and often brings large parametric gains of twin beans, probe and conjugate. There are only few works on FWM in 
potassium vapor  [1,2], all done with counter propagating pump and probe beams. On the other hand, potassium 39K ground 
state hyperfine splitting is only 461 MHz, lower than in any other alkali atom, In potassium, transitions originating from both 
ground state hyperfine sublevels are completely overlapped because of Doppler broadening.  This affects the dynamics of 
pumping and repopulating ground state hyperfine sublevels in a different way than in other alkali atoms.  Moreover, atomic 
susceptibilities that govern the FWM process should be higher in atoms with lower hyperfine splitting [3]. 

In this work we have studded slow light in hot K vapor under different parametric gains of twin beams. The transmission 
line shape of the twin beans under FWM conditions look like a Lorentzian transmission, and the dispersion 
within the gain profile give rise to slow light. We have investigated, experimentally and theoretically, gains of 
twin beams and their fractional delays and broadening under different two photon Raman detuning, one photon 
(pump) detuning, K atom density and pump beam intensity. 

In the experiment and in the model, pump and probe beams are co-propagating and intersect under a small 
angle in the K - cell. Probe and conjugate are detected as they exit the cell. This scheme is suitable to investigate 
other properties of FWM, like relative intensity squeezing between twin beams, since FWM has been identified 
as a very efficient process to generate non classical beams [4]. 

We show experimentally and numerically that a double-Lambda system in K vapor, characterized by 
parametric amplification of coupled probe and four-wave mixing pulses, is promising medium for producing 
slow light and also stored light. Moreover, this system can compensate for the absorption and broadening 
processes that usually occur without destroying the coherent properties of the medium. We are currently 
experimenting with storage of light pulses in Potassium. 

2. EXPERIMENT AND MODEL
We use co-propagating orthogonally polarized  pump and probe to couple three hyperfine levels via double-Λ  
scheme in D1 line in 39K (Fig. 1a). 

(a) (b) 
Figure 1. Schematic of a) atomic level diagram for FWM in K and b) experimental the setup. 
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Level |3> from Fig. 1 is 4P1/2 while two lower levels |1> and |2> are 4S1/2, F=1 and 4S1/2, F=2 respectively. 
Important feature of this set up (Fig. 1b) is the amplification in the FWM process and generation of the conjugate 
pulse, coupled to the probe and propagating alongside the probe. 

In the experiment (Fig. 1b) pump (red) and probe (green) are combined on the polarization beam splitter 
(PBS). They intersects at a small angle ϕ inside the potassium vapor cell (K-cell). Exciting the cell are probe and 
conjugate (blue), detected by two photodiodes. The only light source is the single mode, frequently stabilized 
Ti:Saphire at ~770 nm, used for both pump and probe seed beams. The probe seed (≈ 200 μW), derived by 
extracting a small fraction of the pump is frequency shifted by the pair of AOM making the overall frequency 
offset between pump and probe close to the hyperfine splitting of the 39K ground state. Two-photon detuning δ is 
scanned by changing the RF frequency fed to one of the AOM. The K cell temperature and thus the density of K 
atoms are controlled by the temperature of hot air flowing inside the ceramic cylinder with the K cell. 

To obtain the physical insight in to the FWM processes, we first solve the Maxwell-Bloch equations for the 
probe and FWM fields and then the coupled equations for field propagation, equations (1) and 2),  

( )0

ˆ ˆ ˆ ˆˆ ˆ ˆ,A AF
d i H H SE
dt
ρ ρ γ ρ ρ = − + + + − 



 (1) 

( ) ( )

0

1
2
kE i P

z c t ε
+ +∂ ∂ + = ∂ ∂ 

(2) 

where ˆ
AH  and ˆ

AFH  are free and atom-laser interaction Hamiltonians, ˆSE  denotes spontaneous emission, γ  is
relaxation rate to ground states 0ρ̂ , ( )E +  is positive frequency part of the electric fields and ( )P +  for 
macroscopic polarizations. 

3. RESULTS AND DISCUSSION
We first made detailed analyses of parameters that affects gains of the probe and conjugate. Next, we compared 
waveforms of the reference (probe pulse before the K – cell) with the probe and conjugate pulses behind the cell 
for conditions corresponding to different gain levels.  Optimal parameters for probe and conjugate gains, and for 
time delays between reference probe and probe and conjugate exciting the K-cell were selected after varying 
pump intensity, K-cell temperature (gas density), OPD and TPD.    

3.1 Gain of Probe and Conjugate 
We have investigated the dependence of the probe and the conjugate gain on two-photon detuning δ (TPD), one-
photon detuning Δ (OPD), pump laser intensity and the density of K atoms. The gain of the probe and the 
conjugate is defined as Gp = Pp/Pin and Gc = Pc/Pin, where Pp and Pc are measured powers of the probe and the 
conjugate, respectively, and Pin is initial power of the probe seed inside the amplifying medium.  

Optimal parameters for high probe and conjugate gains are summarized in Fig. 2 where we have shown gains 
as a function of TPD for various OPD,  for K cell temperature of 120 °C (�3�1012 atoms/cm3), pump power of 
400 mW and the probe seed power of 200 μW.  The angle between the pump and the probe was φ = 3 mrad. 

The maximal gains of the probe and the conjugate were ~ 80  and ~ 60  respectively,  for  OPD = 700 MHz and 
TPD = -6 MHz.. The maximum of gains at a particular OPD is due to competition between photon amplification 
and absorption13,20. The trade-off  is for OPD ~700 MHz which is close to Doppler broadening in K. Since the 
frequency of the conjugate is offset much further from the hyperfine splitting, for ~ 2×460 MHz = 920 MHz,  its 
absorption is weaker than the probe., leading to higher gains for the conjugate, as long as OPD is not very large, 
for instance  over 1.3 GHz. 

Figure 2. Schematic of a) atomic level diagram for FWM in K and b) experimental setup. 
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3.2 Slow Light 
The probe pulses were either Gaussian or triangle. The necessary fast (10 – 100 ns) quasi-Gaussian excitation 
pulse was made by the fine shaping of the trapezoid pulse with a passive CLC pi-filter. Parameters of the 
trapezoid pulse (height, FWHM and rise time) were obtained by fitting the unit-height and unit-half-width 
Gaussian pulse with the symmetrical trapezoid waveform, in the range of ± 5. After appropriate scaling for the 
half-widths of necessary Gaussian pulses, these optimal trapezoidal pulses were made by a pulse generator and 
sent to the CLC pi-filter with 50 ohms characteristic impedance and characteristic time constant 2π√LC/2 equal 
to the pulse FWHM. In this way the breakpoints of the trapezoid pulse were well filtered with only a small 
asymmetry added. Each quasi-Gaussian pulse was generated with its own appropriate filter. The pulse was sent 
to EOM for shaping the fast probe pulse.  

The main parameters affecting the propagation of twin beams, pulse fractional delays and broadening are pump 
power and pump OPD.  Waveforms of the input (reference) probe and the probe and conjugate pulse at the 
output of the cell, for 20 ns reference pulse, OPD = 1.5 GHz, TPD = -1 MHz at the temperature of the cell 
130 °C are given  in Fig. 3. 

 
Figure 3. Waveforms of  the reference (solid blue), probe (solid red) and conjugate (dashed black) at low gain 

and high OPD . The pump power was 400 mw, the probe power was OPD = 1.5 GHz. 

The delay time of both probe and conjugate can be made longer when the gain is set lower. The conjugate 
pulse always precedes the probe pulse. Like in sodium [5] the model gives wider pulses at the output of the cell 
then what we observed. The theory and numerical simulation show similar behavior of twin beams. In the low 
pump power and low-gain regime the probe-pulse velocity is close to the EIT group velocity, at a low gain high 
pump power the conjugate velocity can be nearly twice as the probe. In the high-gain regime, the probe 
accelerates and twin beams  propagate with the similar velocity vs = 2vg. 

4. CONCLUSIONS 
We explored experimentally and numerically generation process of non-degenerate FWM in Potassium, under 
double-Lambda atomic scheme. We have observed exceptionally high gain of twin beams, around 60 and 80 for 
probe and conjugate, under moderate pump power of 400 mW, near the Raman resonance of the pump and the 
probe, and at one-(pump) photon detuning close to Doppler broadening in K.  Such high gain can be attributed to 
high atomic susceptibility in K, i.e., the lowest hyperfine splitting of the ground state of all alkalis. 

We have shown slow light propagation of twin beams, with the conjugate pulse exciting the cell first. For very 
short input probe pulses of 10 – 20 ns, ultra-slow light effect and large fractional delay of 5 are observed.  Pulse 
broadening at the cell output is large, nearly large as the delay between the reference pulse and the probe.  
Further optimization of parameters should help in narrowing the pulse widths, which is very important for 
applications of such systems in pulse repetition mode. 
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Counterpropagating, spatially separated hollow pump and coaxial probe laser beams generate narrow Zeeman
electromagnetically induced transparency (EIT) resonances in the vacuum Rb cell. The lasers are locked to D2
line transition Fg � 2 → Fe � 1 of 87Rb. For the probe laser beam intensity between 0.1 and 3.0 mW∕cm2 this
Ramsey-type configuration yields dual-structured resonances having a narrow peak on top of a broader pedestal.
Linewidths of the narrow peak are nearly independent of the probe laser beam intensity and of the probe diameter
(for diameters 0.8 and 2.7 mm), provided that the dark region between the pump and the probe beams is fixed. At
the probe laser beam intensities below 0.1 mW∕cm2 Zeeman EIT is a single narrow resonance. With this geometry
of laser beams, and at low probe intensity, the presence of the pump enables the probe EIT, i.e., the probe
transmission becomes enhanced in a narrow spectral window. Accompanying theoretical model showed good
quantitative agreement with the measurements. © 2015 Optical Society of America

OCIS codes: (270.1670) Coherent optical effects; (300.3700) Linewidth.
http://dx.doi.org/10.1364/JOSAB.32.000426

1. INTRODUCTION
Electromagnetically induced transparency (EIT) is a laser(s)
transmission peak due to coherences between atomic levels
induced by the same laser(s) whose transmission is monitored
[1]. EIT as a quantum phenomenon has its classical analog
[2]. In a typical interaction scheme, two lasers couple two
hyperfine levels (hyperfine coherence) or Zeeman sublelevels
(Zeeman coherence) with the common excited-state hyper-
fine level. Hyperfine (Zeeman) level (sublevels) are long lived
and degeneracy of the ground-state angular momentum is
larger or equal to that of the excited state. Alkali atoms with
two long-lived hyperfine levels in the ground state, and optical
transitions to excited-state hyperfine level in a suitable wave-
length region are most often used in EIT experiments. Quantum
EIT, the subject of this investigation, is a manifestation of the
coherent superposition of Zeeman sublevels of the ground
hyperfine level due to interactions with the laser field.
Superposition called dark state [3–5] is decoupled from the in-
teraction and presents foundation of EIT. EIT has gained con-
siderable interest because of nonlinear response and steep
dispersion around the atomic resonance at reduced absorption.

A method analog to the Ramsey method of separated oscil-
latory fields [6] can be utilized for narrowing dark resonances
in alkali atoms using thermal atomic beam [7–9] or atoms
contained in vacuum glass cells, by spatially separating pump
and probe beams [10,11]. Ramsey-like mechanisms yield very
narrow EIT resonances in alkali-metal vapor cells with buffer
gas (or with antirelaxation wall coating), even with a single
laser beam [12,13].

In experiments with vacuum gas cells it is necessary to
apply a particular geometry of a hollow pump and a narrow
coaxial probe in order to see narrow fringes on the probe EIT
[14], or to implement a multizone spectroscopy like in [15].
Instead of spatially separating continuous wave pump and
probe, pulses of the pump and probe were used in a Ramsey-
like method for narrowing EIT by switching the laser beams
on and off. Hyperfine EIT produced in the double Λ scheme
with the pump and the weak probe pulse have produced high
contrast, very narrow fringes (≈100 Hz) in the probe EIT in Cs
buffer gas cell [16,17].

In this work we use counterpropagating pump and probe
beams to study Ramsey effect on linewidths and amplitudes
of the probe Zeeman EIT in Rb vacuum cell. Zeeman coher-
ences are generated in the Fg � 2 hyperfine level of the
ground state of 87Rb by the pump beam, made in the form of
a hollow cylinder. The atomic coherence is carried by the
atomic thermal motion to a small-diameter probe beam that
passes through the center of the hollow pump laser. There
is dark region between the pump and probe beam, which
we keep constant in the study. This counterpropagating
geometry allows EIT with much weaker probe intensity as
opposed to the copropagating pump and probe [14] due to
reduced multiple scattering of pump light into the direction
of the probe and toward the photodetector. Therefore in this
work we cover much lower probe laser beam intensities than
in [14]. Also, differently than in [14], here we investigate EIT
line shapes for D2 line of 87Rb. We examine how different
probe diameters, for the same dark region, change the shape
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of the dual-structured probe EIT resonances having a nar-
rower central peak (due to atomic coherence coming from the
pump) and a wider pedestal (due to probe beam influence).
The dependence of narrow resonances as a function of
the probe laser beam intensity and diameter is studied.
Experimental results are compared with the detailed theoreti-
cal model based on time-dependent optical Bloch equations
(OBEs). We determine the range of the probe intensity when
Zeeman EIT has only narrow structure, i.e., the transmission
of the probe beam becomes enhanced when the pump is
turned on. EIT resonances in vacuum cells, even with the
Ramsey method, are wider than EIT in buffer gas cells.
However, there is an interest for narrow EIT in vacuum cells
at room temperature because atomic collisions, and temper-
ature fluctuations are reduced, which is important for EIT
applications.

2. EXPERIMENTAL SETUP
The schematic of the experiment, given in Fig. 1, describes the
geometry of laser beams we have used to investigate effects of
spatially separating the probe and pump beam on the EIT line
shapes. A large-diameter hollow pump beam and narrow co-
axial probe beam counterpropagate through the Rb cell. The
two beams are generated from the same external cavity diode
laser (ECDL). Employing counterpropagating probe and
pump beams requires precise laser frequency tuning to the
optical transition; otherwise the probe and pump will not
be able to interact with the same atoms (atomic velocity is
not expected to change in the region between the pump
and probe). The laser is locked using the Doppler free dichroic
atomic laser lock (DDAVLL) technique [18] on D2 line transi-
tion Fg � 2 → Fe � 1 of 87Rb, and is linearly polarized. The
vacuum Rb cell, 85 mm long and of 25 mm in diameter, is kept
at room temperature. The Rb cell is inside cylindrical solenoid
that provides longitudinal magnetic field. The triple layers of
μ-metal, around the cell, minimize effects of stray magnetic
fields. In the experiment we measure the probe transmission
as a function of the external magnetic field. Pump intensity is
11.5 mW∕cm2 and the probe intensity varies from 0.1
to 3.0 mW∕cm2.

We have measured Zeeman EIT by sweeping the magnetic
field for two probe 1∕e2 diameters, 2.7 and 0.8 mm. The pump
beam inner diameter is changed from 5 to 7 mm when the
probe diameter is changed from 0.8 to 2.7 mm, respectively.

Thus, the distance between pump and the probe, or “dark
region,” is the same and equals 2.1 mm.

3. THEORY
The model is similar to one described in more detail in [19].
The difference stems from the fact that in this case the pump
and probe are counterpropagating. The evolution of Rb atoms
interacting with spatially separated pump and probe laser
beams is described using time-dependent OBEs for the atomic
density matrix

dρ̂
dt

� −

i
ℏ
�Ĥatom�B� � Ĥ int�t�; ρ̂� �

�
dρ̂
dt

�
SE

�
�
dρ̂
dt

�
relax

; (1)

where

Ĥatom�B� �
X
j

ℏωj�B�jgjihgjj �
X
k

ℏωk�B�jekihekj (2)

is the Hamiltonian of an atom in the external magnetic field B,
aligned with the laser beam propagation direction. Zeeman-
shifted energies ℏωj�B� (ℏωk�B�) correspond to ground (ex-
cited) states jgji (jeki). The interaction of an atom with laser
is treated in dipole approximation

Ĥ int�t� � −

X
j;k

E�t� · djk�jgjihekj � jekihgjj�; (3)

where E�t� is the laser electric field (in the atomic reference
frame) and djk is the atomic electric dipole moment for the
transition between states jgji and jeki. Spontaneous emission
is given by

�
dρ̂
dt

�
SE

�
X
m

2Γ̂mρ̂Γ̂†
m − Γ̂†

mΓ̂mρ̂ − ρ̂Γ̂†
mΓ̂m; (4)

where Γ̂m are Lindblad operators related to dipole transitions
from the excited- to ground-state manifold. In order to obtain
good agreement with experimental line shapes, and in addi-
tion to [19], we include relaxation of ground-state populations
toward the equilibrium

�
dρ̂
dt

�
relax

� −γ
X
j

�
ρgj;gj −

1 − πe
8

�
jgjihgjj; (5)

where πe is the total excited-state population. When consider-
ing D2 line transition Fg � 2 → Fe � 1, the excited hyperfine
levels Fe � 2 and Fe � 3 are also populated due to the
Doppler broadening and therefore have to be taken into
account. Equations for Fg � 1 ground-level density matrix
elements are disregarded since that level is not laser-coupled.
OBEs are numerically integrated for a collection of atoms
passing through the laser beams at different trajectories
with velocities sampling Maxwell–Boltzmann distribution.
The cylindrical symmetric atomic ensemble density matrix
is obtained after averaging over velocities and suitable angular
integration. This enables the calculation of atomic vapor
polarization, the laser electric field after propagation through
the Rb cell and, eventually, Zeeman EIT resonances.
Additional details can be found in [20,21].

Pump and probe laser beams have linear polarization
and the same frequency. Their propagation directions are

Fig. 1. Experimental setup: ECDL, external cavity diode laser; OI,
optical isolator; DDAVLL, Doppler free dichroic atomic laser lock;
BS, beam splitter; OF, optical fiber; M, mirrors; P, polarizer; NF,
variable neutral density filter; BE, beam expander; λ∕2, retardation
plate; B, blade iris diaphragm; D, photodetector.
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opposite. As schematically presented in Fig. 2, the probe laser
beam passes coaxially through the center of the hollow pump
beam. The probe beam profile along radial distance r at the Rb
cell entrance is modeled by a Gaussian,

Iprobe�r� � 2Īprobe exp�−2r2∕r20�; (6)

where r0 is 1∕e2 the radius of the probe beam and Īprobe is the
probe beam intensity (total probe power divided by r20π). The
pump beam radial intensity profile is taken to be the same
along the cell length and ring-shaped:

Ipump�r� � Īpumpa�erf�p�r − r1�� − erf�p�r − r2���; (7)

where Īpump is the pump beam intensity and a is the normali-
zation constant. Parameter p controls the steepness of the
profile near the beam inner and outer edge that are deter-
mined by the parameters r1 and r2, respectively.

4. RESULTS AND DISCUSSION
We show results of interactions of the probe beam with atoms
prepared in the dark state by the spatially separated pump
beam. Both the pump and probe have linear and mutually
parallel polarizations. Sweep of the magnetic field provides
detuning of two circular components from the two photon
resonance among Zeeman sublevels for which ΔmF � 2. In
the following we present EIT line shapes, amplitudes, and
linewidths obtained by measuring the probe transmission at
different magnetic fields. In this work we are not concerned
with absolute values of the probe transmission. Therefore, we
present EIT line shapes normalized such that maximal trans-
mission is set to unity.

Figure 3(a) shows measured and Fig. 3(b) calculated
Zeeman EIT resonances for two probe laser beam intensities,
0.2 mW∕cm2 (upper rows) and 1.4 mW∕cm2 (lower rows),
and two probe laser beam diameters, 0.8 mm (left column)
and 2.7 mm (right column). EIT line shapes for both laser
beam intensities have dual structure, a narrow peak with
fringes appearing on top of a broader pedestal. A broader ped-
estal is generated by the probe itself, while narrow peak and
fringes result from Ramsey interference. Ramsey fringes are
well pronounced for the narrower probe beam because of the
shorter interaction time of Rb atoms with the probe light, i.e.,
smaller probe influence. When the probe laser beam intensity
is increased, or its diameter is increased, the Ramsey fringes
lose their visibility. Theoretical results in Fig. 3(b) are in quite
good agreement with the experiment.

EIT widths and amplitudes of the narrow and wide struc-
tures are obtained after resolving the two structures in EIT
line shapes. Figure 4 presents widths of the narrow structure

of EIT resonances, for two probe laser beam diameters.
Experimental results are in Fig. 4(a), and theoretical in
Fig. 4(b). The linewidth of the narrow structure in our experi-
ment is ≈15 mG or ≈18 kHz. This is similar to the narrowest
EIT obtained in vacuum alkali gas cells with multizone
Ramsey technique [15]. As seen from Fig. 4, the narrow struc-
ture EIT linewidth is narrower and also more robust against
probe intensity for the narrower probe beam. The behavior of
the pedestal width is as expected for a single beam EIT [22]: it
is narrower for the wider probe, and it changes much more
rapidly with the probe laser beam intensity. Calculated line-
widths follow the same trend and the narrower probe beam
also gives narrower linewidth.

In the experiment with a single laser beam and coated cell
[13], EIT has also dual structure. Similar to our result, narrow
structure of EIT in [13] is narrower for the smaller laser beam
diameter. Moreover, intensity dependence of the linewidths of
the narrower peak is similar as in our setup: EIT linewidth
obtained with the narrower beam is less dependent on the
laser intensity. Such intensity dependence given in [13] is
due to the geometry of the cell and the Ramsey effect of a
multiple interaction of atoms with the same laser beam—

narrowing the laser increases the dark region, i.e., time that
the atom spends in the dark. The similar behavior of the

Fig. 2. Radial profiles of counterpropagating hollow pump and
coaxial probe laser beams used in the theoretical model.

(a)

(b)

Fig. 3. (a) Experimental and (b) theoretical Zeeman EIT at D2 line,
for two probe laser beam intensities, 0.2 mW∕cm2 (upper rows) and
1.4 mW∕cm2 (lower rows), and two probe laser beam diameters,
0.8 mm (left column) and 2.7 mm (right column).
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narrow peak of the EIT in our work has a different explana-
tion. The probe laser beam, apart from probing the atoms
coherently prepared in the pump beam, influences the atomic
evolution, which affects the narrow structure linewidth.
During atomic passage through the laser beams the atomic
state changes due to competitive effects of the laser electric
field and the external magnetic field. The laser field continu-
ously prepares the atoms into the dark state. The external
magnetic field causes oscillations of the atomic ground-state
coherences at the corresponding Larmor frequency and alters
the atoms from the dark state. When the external magnetic
field is zero the atoms reach the dark state inside the strong
pump beam, which consequently leads to a maximum in the
probe transmission. At nonzero magnetic field the state of the
atoms passing through the probe beam differs from the dark
state, so that the probe transmission decreases. However, this
decrease in probe transmission due to the influence of the mag-
netic field is partially compensated by preparation of the atoms
into the dark state within the probe beam. Hence, the actual
probe transmission at some magnetic field is somewhat larger
than the one expected without the probe influence. This causes
broadening of the narrow structure in Zeeman EIT resonances
that becomes more pronounced as the probe intensity and/or
diameter increases.

Figure 5 shows measured and calculated amplitudes of the
narrow structure of EIT resonances, for probe laser beam
diameters 0.8 mm [Fig. 5(a)] and 2.6 mm [Fig. 5(b)]. As both

experiment and theory show, amplitudes of narrow peaks of
the probe EIT are nearly independent on probe beam diam-
eter. Their dependence on the probe intensity and diameter
is different than the amplitude of the wide structure EIT.

Amplitudes of the narrow peak of the probe EIT (obtained
when the pump laser beam is turned on) have different
dependence on the probe laser beam intensity than a single
beam EIT, tuned to the same Raman resonance and with
the same diameter. This is demonstrated in Fig. 6 where
we plot amplitudes of both narrow and wide structure as a

(a)

(b)

Fig. 4. (a) Experimental and (b) theoretical full width at half-
maximum of the narrow structure of EIT as a function of the probe
laser beam intensity, for two probe laser beam diameters, 0.8 and
2.7 mm.

(a)

(b)

Fig. 5. Experimental and theoretical results for the amplitudes of
the narrow structure of EIT resonances for two probe laser beam
diameters: (a) 0.8 mm and (b) 2.7 mm.

Fig. 6. Amplitudes of the probe EIT with and without pump laser
beam, for two probe laser beam diameters: 0.8 and 2.7 mm.
Amplitudes of wide (narrow) structures are shown for the pump laser
beam turned off (on).
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function of probe intensity, for two probe diameters. The
maximum of the narrow structure of the probe EIT in the
Raman–Ramsey configuration is at very low laser intensities,
below values that we can detect in the experiment.

At very low probe laser beam intensities, below 0.1 mW∕
cm2, the probe EIT has only narrow structure. The transmis-
sion of the weak probe can be controlled in a narrow spectral
range around zero magnetic field by switching the pump beam
on/off. For small magnetic fields and when the pump laser
beam is present, the atoms coming into the probe beam are
already coherently prepared into the dark state. This leads
to the increase of the probe transmission, as presented in
Fig. 7, where we show probe EIT for 0.8 mm probe beam
diameter and for probe beam intensity of 0.1 mW∕cm2,
without or with pump beam of intensity 11.5 mW∕cm2.
Enhancement of the probe transmission is better for larger
pump beam intensities.

5. CONCLUSION
We presented effects of the counterpropagating spatially sep-
arated pump and probe laser beam configuration on the probe
Zeeman EIT. Both pump and probe beams are tuned to the D2

line of 87Rb. For the geometry of the experiment, with the
probe coaxial with the surrounding hollow pump and small
dark region between the pump and probe, we showed that
in the vacuum cell, like in cells with antirelaxation coating,
resonances can be narrower when the probe diameter is
smaller. For the probe of 0.8 mm in diameter we observed
and calculated narrower linewidths, almost independent of
the probe laser beam intensity. Also, for this small probe diam-
eter, when its intensity is below 0.1 mW∕cm2, dual structure
of Zeeman EIT turns in to a single narrow EIT. Probe trans-
mission is enhanced in a narrow range of small magnetic fields
when the pump laser beam is present, which is akin to optical
switch behavior.
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