Time-resolved probing of the ground state
coherence in rubidium
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We demonstrate the preparation and probing of the coherence between the hyperfine ground states
|5S12,F=1) and |5S15,F=2) of the 8"Rb isotope. The effects of various coherence control techniques, i.e.,
fractional stimulated Raman adiabatic passage and coherent population return, on the coherence are inves-
tigated. These techniques are implemented using nearly degenerate pump and Stokes lasers at 795 nm (Rb
D1 transition), which couple the two hyperfine ground states via the excited state |[5Py,F=1) through a
resonant two-photon process in which a coherent superposition of the two hyperfine ground states is estab-
lished. The medium is probed by an additional weak laser, which generates a four-wave mixing signal pro-
portional to the ground state coherence and allows us to monitor its evolution in time. The experimental

data are compared with numerical simulations. © 2007 Optical Society of America
OCIS codes: 190.4380, 190.2620, 190.1900, 270.1670, 300.6210.

The techniques of stimulated Raman adiabatic pas-
sage (STIRAP) [1] and coherent population return
(CPR) [2] are of importance in various fields of phys-
ics. STIRAP is used for, e.g., coherent control of popu-
lation transfer [1] between atomic levels, preparing
coherent superposition states [3], efficient generation
of terahertz radiation [4], and probing atom—photon
entanglement [5]. Coherent population transfer helps
to enhance frequency conversion processes [6,7], gen-
erate attosecond pulses [8-13], and improve the reso-
lution of spectroscopic measurements [14]. Most in-
vestigations of these techniques have so far
concentrated on the dynamics of population of vari-
ous energy levels in the system but never on the co-
herence between them. At the same time, coherence
is an essential element of these processes, and it is
important to develop a technique for its time-resolved
measurement. The present Letter achieves this goal.

In this work we prepare and probe the coherence
between the two hyperfine ground states [5Si,,F
=1) and |5S12,F=2) in the 3"Rb isotope. We perform,
for the first time to our knowledge, a detailed study of
two coherence manipulation techniques, namely,
fractional STIRAP [15] and CPR. For both of these
processes, the temporal evolution of the coherence is
investigated and compared with numerical simula-
tions. We also demonstrate that the efficiency of four-
wave mixing in these systems depends on the gener-
ated coherence and not on the instantaneous electric
fields.

Both schemes use two laser fields, referred to as
the pump and Stokes fields, which resonantly couple
the hyperfine state |1) (5S1/5, F=1) of Rb to an in-
termediate state |2) (5P, F=1) and state |2) to the
target state |3) (5S/, F=2) in a A-type energy level
configuration (Fig. 1). Neglecting decoherence, the
coupling creates a (transient or permanent) coherent
superposition between states |1) and |3), the so-called
dark state [1] of the system:
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|ds) = cos 6(t)|1) — sin 6(¢)|3), (1)
where the mixing angle 6(¢) is determined by
tan 6(¢) = Qp(t)/Qg(t), (2)

with (p g being the Rabi frequencies of the pump and
Stokes lasers.

The coherence between states |1) and |3) is defined
as the off-diagonal element p;5 of the system’s density
matrix. According to Eq. (1), it is given by

p13(t) = cos 6(¢) sin 6(t) (3)

and thus is fully determined by the temporal evolu-
tion of the Rabi frequencies Qp and (). For fractional
STIRAP, the pump and Stokes lasers are pulsed, ex-
citing the medium in a counterintuitive order; i.e.,
the Stokes laser precedes the pump. At the moment
t=t; both lasers are simultaneously, adiabatically
turned off, resulting in constant ratio (2) for ¢>t¢.
Any coherence p;3 prepared prior to t=¢; will then
stay in the system even after the termination of the
driving fields [15], gradually dephasing at the ground
state decoherence rate [16].
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Fig. 1. Coupling scheme for the preparation and probing

of the coherence p;3 in 8’Rb. The hyperfine splittings and
detunings are exaggerated for clarity.
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The second technique used to prepare coherence
p13 is coherent population return. Here the pump
field is continuous ({)p=constant) and the Stokes la-
ser is pulsed with a Gaussian shape, so Qg(¢) is time
dependent. The atomic population, initially in state
|3), is transferred to state |1) and back again as the
Stokes field is applied, resulting in a transient coher-
ence between the two states.

The ground state coherence is probed by an addi-
tional weak laser field, which induces a four-wave
mixing (FWM) signal close to the pump laser wave-
length at 795 nm (Fig. 1). Assuming perfect phase
matching and neglecting depletion, absorption, and
losses, which is justified for the optical densities
used, the propagation of the FWM field is given by

d
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Here N denotes the number density of the sample,
o3 and wio are the dipole moments for the corre-
sponding transitions, E|, is the probe field amplitude,
and A, is the detuning of the probe field from the
transition |2)—|3). All fields are assumed to propa-
gate in the positive z direction. Equation (4) shows
that the electric field of the FWM radiation at fre-
quency wpwy iS proportional to the coherence |p3
and can serve to measure the latter.

The experiments are carried out in a 5 cm long Rb
vapor cell with 13 hpa of neon as a buffer gas. The
temperature of the Rb vapor is 60°C, which corre-
sponds to a number density of the order of 10! cm™3.
The pump field is generated by a continuous Ti:sap-
phire laser (Coherent MBR-110) with a narrow spec-
tral linewidth (~100kHz). The Stokes and probe
fields are both provided by a continuous diode laser
(Toptica DLL100), which is frequency locked to the
Ti:sapphire laser at the 6.8 GHz Rb hyperfine split-
ting of the |52S,,,) state with a precision of better
than 10 Hz. The output of the diode laser is split into
the Stokes and probe beams via a combination of a
N2 wave plate and a polarizing beam splitter.

All three beams are sent through acousto-optical
modulators, which allows control over the temporal
shape, frequency, and relative position of the differ-
ent pulses in time. We employ the single-pass con-
figuration for the Stokes and probe fields, resulting in
frequency shifts of 80 and 88 MHz, respectively, and
the double-pass configuration for the pump, leading
to a 160 MHz shift. The three beams with diameters
(FWHM) of @p=1.26mm, @g=1.76 mm, and O,
=0.76 mm for pump, Stokes, and probe, respectively,
are then overlapped and directed into the Rb vapor
cell located in a magnetically shielded oven. The po-
larizations of the probe laser and the generated FWM
signal are orthogonal to the pump and Stokes lasers.

After the cell, the FWM signal and the probe laser
are separated from the other fields by using a polar-
izer and are overlapped with the unmodulated output
of the Ti:sapphire laser on a fast photodiode for het-
erodyne detection. The beat signal proportional to the

OPTICS LETTERS / Vol. 32, No. 12 / June 15, 2007

electric field of the FWM signal is monitored as a
function of time by using a spectrum analyzer with a
200 ns resolution.

For fractional STIRAP to work, the population has
to be transferred to state |1) at the beginning of the
process. This is realized by optical pumping with the
leading part of the Stokes pulse, which exceeds the
duration of the pump pulse by more than 1 order of
magnitude (7g=~24 us and 7p=2 us, respectively,
FWHM of intensity); see Fig. 2. The probe laser is
pulsed with a pulse duration of 7,,=500 ns (FWHM of
intensity). Typical powers are of the order of several
milliwatts for the pump and Stokes radiation and a
few hundred microwatts for the probe laser. We veri-
fied that the probe laser does not significantly influ-
ence the coherence by checking that the FWM inten-
sity is proportional to that of the probe. With the
pulse parameters given, we estimate the Rabi fre-
quencies to be of the order of Qp=0.09ns7!, Qg
=0.12ns7!, and Q,,=0.08 ns™! for the pump, Stokes,
and probe lasers.

To measure the coherence p;3, the delay A7, of the
probe pulse with respect to the pump and Stokes
pulses is varied in 0.2 us steps, and the FWM signal
is detected. Figure 2 shows the time dependence of
the FWM radiation and therefore the temporal evo-
lution of the prepared coherence |p;5| in the system.

The presence of coherence and FWM after the ex-
citation lasers have been turned off contrasts with
the classically expected behavior of FWM, where the
created field is proportional to the product of the
three fields irradiated on the medium, Egwy
xEgEpE.,. This residual coherence p;3 is a signature
of fractional STIRAP [15], since only a part of the
population is transferred from state |1) to state |3)
during the interaction with pump and Stokes laser
pulses. Upon termination of the excitation pulses, the
signal experiences exponential decay due to decoher-
ence [16]. We found the decay constant to equal
20 us, which is slightly longer than the 15 us ex-
pected from diffusion out of the beam [17].

For the CPR experiment, the system is prepared in
state |3) by means of optical pumping via a continu-
ous pump laser with a Rabi frequency of Qp
~0.028 ns~! (as determined from the beam param-
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Fig. 2. (Color online) Fractional STIRAP process: FWM
signal as a function of the probe laser delay A7, (triangles)
and numerical simulation (filled circles). Inset, temporal
shape of the pump (open circles) and Stokes pulses (filled
rectangles).



eters). The Stokes laser is pulsed with a Gaussian
pulse shape of a 7¢=25.5 us duration (FWHM of Rabi
frequency). We perform several experimental runs
with different Stokes field intensities. The probe la-
ser is provided as continuous radiation with
~0.006 ns~! (as determined from the beam param-
eters). The continuous probe laser provides real-time
information on the evolution of coherence. As in the
previous case, the probe laser does not significantly
influence the prepared coherence.

Figure 3(a) shows the measured FWM signal as a
function of the Stokes Rabi frequency. This result is
in good agreement with the numerically calculated
time evolution of the coherence |py3| [Fig. 3(b)]. The
proportionality coefficient between the Stokes Rabi
frequency Qg and the square root of the laser power
P, given by 182 MHz/ V’W retrieved from the fit, is 1.3
times lower than the value expected from our beam
parameters. The discrepancy present in the raising
edges of the curves is due to absorption of the Stokes
laser in the vapor cell.

Again, the signal observed in the CPR experiment
shows significantly nonclassical behavior. Whereas a
classical FWM should be proportional to the Stokes
field, the signal measured at (g> Qp exhibits a mini-
mum when the Stokes field is maximized. This is eas-
ily understood: according to Eq. (3), the maximum co-
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Fig. 3. (Color online) Coherence during the CPR process:
(a) measured FWM signal and (b) calculated coherence |p13
for different Stokes pulse intensities. The maximum Stokes
Rabi frequencies (at t=54.9 us) are Qg=0.023 ns™! (filled
rectangles); 0g=0.033ns™! (open rectangles); (g
=0.05ns"! (stars); Qg=0.075ns"! (half-filled circles). The

solid curve in (a) shows the temporal profile of the Stokes
Rabi frequency (scale in arbitrary units).
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herence is reached when Qg(#)=Qp and both levels |1)
and |3) are equally populated. If the Stokes Rabi fre-
quency increases above that of the pump, and thus 6
falls below 45°, the coherence is reduced, as more
than half of the population is transferred to state |1).
This behavior is clearly displayed by the experimen-
tal observation, Fig. 3.

We have demonstrated the preparation of the
ground state coherence in Rb vapor via fractional
STIRAP and CPR and the detection of this coherence
by FWM. The experimental results fit very well with
numerical simulations and give clear evidence for the
nonclassical character of these coherence control
techniques. The presented method provides a power-
ful tool for the preparation and probing of coherence
in a variety of systems.
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