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Time-Resolved Two-Dimensional Spectroscopy of Optically Driven Atomic Sublevel Coherences
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Coherences between atomic substates are driven by a resonant interaction with light and transferred
between individual sublevel transitions. We present an experimental scheme, based on two-dimensional
Fourier-transform spectroscopy, that alows direct observation of this coherence transfer.
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Polarized light propagating through a resonant medi-
um induces in general not only optical polarizationsin the
medium, but, in the frequently encountered case of multi-
ple substates of the electronic ground state, also popula-
tion differences and coherences between these sublevels
[1]. These atomic or sublevel coherences give rise to
many interesting magneto-optical and nonlinear optical
effects; more recently, they have been used also in optical
cooling experiments [2]. The interpretation of these
effectsrelies on a detailed understanding of the dynamics
of the sublevel coherences which often cannot be observed
directly but must be inferred from their effect on the opti-
cal properties. In this Letter, we present a new experi-
ment that allows the direct observation of the processes
occurring in sublevel transitions when the system in-
teracts with aresonant optical field.

Our experimental scheme is based on the genera
method of time-resolved two-dimensional spectroscopy,
which is used extensively in radio-frequency spectroscopy
[34] but has not been applied to optical spectroscopy so
far. The basic idea of the experiment is summarized in
Fig. 1. During the so-called preparation period, afirst
laser pulse is applied to a transition between anear-
degenerate ground state (consisting of the four sublevels
i, k,r, and s) and an excited state |e>. It excites sublevel
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FIG. L Schematic representation of the two-pulse sequence
used for two-dimensional spectroscopy and the effect an the
atomic system. The individud periods are labeled with their
conventional names.
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coherence, e.g., between substatesi and k. During the
subsequent evolution period, the system isalowed to pre-
cess fredly for atimet, so that the sublevel coherence ac-
quires a phase w;x t; proportiona to the Bohr frequency
wy of the transition in which they were created (evolu-
tion period). The second laser pulse (mixing period) then
causes the coherence transfer which isto be investigated,
in Fig. 1, the coherence istransferred from transitio nik
to transitionrs. The final detection period then serves to
monitor the coherences as they precess again under the
free-atomHamiltonian.

The experimental setup which was used for the mea-
surements described hereis shown schematically in Fig.
2. The atomic medium was Na vapor that was evaporat-
ed in a heated oven in the presence of 20 kPa of Ar buffer
gas. A homogeneous magnetic field of 07 mT was ap-
plied perpendicular to the direction of the laser beams, so
that the degeneracy of the sublevelswithin the hyperfine
multiplets was lifted, as shown in Fig. 3(a).

A circularly polarized pump beam was used to create
the sublevel coherence in the medium. Its intensity was
controlled with an acousto-optic modulator. The pump
pul ses were modulated sinusoidally with afrequency of 5
MHz, near the Larmor frequency of the Na, in order to
improve the efficiency of the optical pumping [5]. The
modulated pul ses were generated electronically and an
acousto-optic modulator operating in the linear regime
was used to convert the voltage signal into an intensity
modulation of the punp beam. At the sample cdll, the
average pump beam intensity during the pulses was -1
W/em?. The probe beam was derived from the same cw
ring dye laser and linearly polarized with an intensity of
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FIG. 2. Schematic representation of our experimental setup.
For details see text.
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FIG. 3. (a) Levd scheme of the Na groundstate in aweak
magnetic field with thequantization axis parallel to the direc-
tion of the magnetic field. The individual levels are-labeled with
the angular momentum components parallel to the direction of
the magnetic field and a running index starting at the lowest en-
ergy level. (b) Spectrum of the atomic sublevel transitions ob-
tained via Fourier transformation of the free-induction-decay

signa following an intensity-modulated optical pulse. The

numbers give the assignment of the individual resonances to
transitions labeled by the indices of the relevant energy levels.

-30 mW/ecm? it overlapped the pump beam in the
probe region with an angle of intersection of 0.5°.
Behind the sample-region, the difference in dispersion be-
tween right and left circularly polarized light was mea-
sured and the resulting signal was passed through a
phase-sensitive detector whose reference frequency was
equal to the modulation frequency. For the experiments
described here, the laser frequency was set 8.6 GHz
above the center of the NaD; resonance. Under these
experimental conditions, excited-state effects can be
neglected and the observed signal is determined by the
ground-state orientation{ 11.

Let usfirst discuss the situation when only one laser
pulseis applied. If the system is prepared in a state with
nonvanishing sublevel coherences and subsequently al-
lowed to precess under the free-atom Hamiltonian, the
different coherences evolve at their individual transition
frequencies: py (1) =pix (0)e ~"“*'e "™ where the densi-
ty operator element pix represents the coherence between
states i and k. Here, oy =(E;~— E;)/h specifies the
Bohr frequency and yix the decay rate of the respective
coherence. The observable free-induction-decay signa
consists, in general, of a sum over such density operator
components,

S(t)=zk:aikpik(0)e — ety ’ (1)
i

where the expansion coefficientsa; are determined by
the observation process; with our experimental setup, the
measurement of the dispersion difference yields asignal
that includes contributions from all six transitions with
[Amg| = 1, AF =0 [see- Fig. 3(a)]. The different coher-
ences, contributing to different terms in this sum(1), can
be separated via Fourier transformation of the observed

free induction decay. An example is shown in Fig. 3(b)
where the Fourier transform of afree induction decay
following an optical preparation pulse is shown. Phase-
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sensitive detection was used [5], so that the origin of the
frequency axisis determined by the modulation frequen-
cy. The various resonance lines correspond to individual

sublevd transitions whose assignment is shown by the
numbers. This time-resolved measurement of atomic
sublevel coherencestherefore allows the direct observa-

tion of the free evolution under the atomic Hamiltonian.

If we are-interested primarily in the effect of the opti-
cal radiation on the dynamics of the system, it would
seem tempting to perform the same experiment whileir-
radiating the system during observation. However, such
irradiation leads to a broadening of the resonance lines
which often makesit impossible to follow the evolution of
the individual coherences. A possible solution lies in
time-resolved two-dimensional (2D) spectroscopy [4],
where the state of the system immediately before and
after the pulse is known, so that the overall effect of the
laser pulse can be studied.

For a demonstration of how this procedure can yield

information about the effect of the pulse, we write the
density operator elements py after the evolution period as

Pik (tl)gpik(O)e = (g + yu Iy . (2)
where the indicesi, k refer to the eigenstates of the Ham-
iltonian (see Fig. 3). The effect of the optical radiation
on the system can be summarized by a mixing matrix 5
whaose dimension in the case of the Na ground state is
64x 64. The elements ny s Of this matrix describe the
transfer of coherence from transitio nik to transition rs
(in this context, populations are treated as transitions
if ,rr with equal indices). The density operator elements
during the detection period can therefore be written as

Prs(21,t2) EZP,-L- 0)e iy yu ity
ik

~ (i
XNik rs€ RCHE

and the observed signal is
s(tit2) =Y a,, El‘:pm (0)e ~ Vet radty
s ik

- +
X1l s o 10 (4

This signal now depends obviously on both parameters
t1and ¢,. By recording the free induction decay after the
second pulse for a set of ¢ values, one therefore obtains a
two-dimensional data set. Viaatwo-dimensional Fourier
transformation, it is possible to obtain a 2D spectrum [4]:

flanod =" do, [ dirstei)e™ e (5)

An example of aresulting 2D spectrum is shown in
Fig. 4. For this experiment, the system was prepared
with aninitial pulse of 100-usec duration; the evolution
time?; was incremented from O to 283.5 usec in steps_of
4.5 ,usec. The resulting data set was Fourier transformed
and the absolute value displayed in a pseudo-3D repre-
sentation [Fig. 4(a)]l and as a contour plot [Fig.4(b)]. In
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FIG. 4. Example of a 2D spectrum. (a) A pseudo-3D repre-
sentation and (b) a contour plot of the sample data set. The
data were recorded with the laser wavelength tuned 8.6 GFz
above the center of theD; resonance line.

principle, every element s Of the mixing matrix can
giveriseto aresonance line in this spectrum. However,
as can be seen from the spectrum, the total number of
resonance lines is much smaller. This reduction is dueso
several selection rules, the most important of which is
given by the nature of our observable which allows only
detection of density-matrix elements with|Amg|=1.

The resonance lines along the main diagonal @, =2,
the so-called diagonal peaks, are due to coherences that
were not affected by the second pulse; for vanishing
length of the second pulse, only these peaks existlsee Fig.
3(b)1. All the remaining peaks indicate that the pulse
has transferred coherence from one transition to another.
They are usually referred to as cross peaks. The width of
the resonance lines in both dimensions is identical to
those of Fig. 3, since line broadening by optical pumping
is absent during the evolution and detection periods

The redistribution of the sublevel coherences by theop-
tical field can be monitored by recording a sequence of
such spectra with increasing length of the mixing pulse.
The transfer of coherence between the different transi-
tions leads then to changes in the intensities of thecorre-
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FIG. 5. Normalized intensities of the various cross peaks as a
function of the length of the mixing pulse. The experimental
parameters were the same as in Fig. 4. As shown by the
representative error bars, the signal-to-noise ratio decreases for
longer pulse lengths.

sponding resonance lines. Figure 5 shows a partia
anaysis of these data for the Na system. The different
curves show the transfer of coherence between a represen-
tative set of adjacent | Amp|= 1 transitions of the F =2
multiplet. Since the stability of our experimental setup
was not sufficient to allow quantitative measurements of
the resonance line intensities over an extended period of
time, we were. forced to normalize these values. For this
analysis, we measured the intensity of the cross peaks and
normalized each value tothe sum of the intensities of the
diagonal peaks. The data obtained in this way clearly
show an exchange of coherence among the different tran-
sitions as the pulse length is increased.

For a comparison of these results with theoretical cal-
culations, the equation of motion has to be solved. In the
present experiment, atotal of sixteen energy levelsarein-
volved (eight in theS;, ground state of Na and eight in
the?P/, excited state), so that the equation of motion in-
volves atotal of 255 independent variables. The shortest
time constant involved in the equation of motion is the
dephasing time of the optical coherences, which in our
caseis of the order of 10 ™ !0 sec, while the duration of the
experiment is of the order of 1074 sec. Accordingly, the
equation of motion has to be integrated over 6 orders of
magnitude, representing a rather high computational
effort. We are currently investigating possibilities for
suitable approximations that allow an approximate in-
tegration of the equations of motion and thereby a direct
comparison between theory and experiment. Qualitative-
ly, the experimental data indicate that a description of
the process in terms of rate equations may be possible.

In the spectrum shown in Fig. 4, there appear only the
six transitions that are also seen in the one-dimensional
spectrum. However, in principle, al possible transitions
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can be excited by the laser pulse and the corresponding
coherences can betransferred into the six transitions that
are directly visiblel6]. Under typical experimental con-
ditions, the cross peaks indicating these transfer processes
have a smaller amplitude so that the transitions with
higher amplitudes must be suppressed to make the lessin-
tense lines visible.

In conclusion, we have reported a new experimental
method which allows for the first time a direct observa-
tion of the creation, redistribution, and decay of sublevel
coherencesin amedium irradiated by optical radiation,
While the principa effects of the light on these coher-
ences, such as light shift and damping [7], have been
known for some time, it was not possible to observe these
effects in the time domain, as the coherences evolve.
Such an observational tool appears especialy useful
whenever the system under study is too complex for a
theoretical analysis, i.e., when it istoo complex for an
analytical solution of the equation of motion and driven
too far from equilibrium to alow a perturbation treat-
ment.

The method presented here has of course a much wider
range of applications than could be demonstrated. An
important extension isthe application to the observation
of transitions that cannot be observed directly but whose
coherences can be transferred to directly observable tran-
sitions. Information gained viathis procedure should be
of great importance for the analysis of all optically reso-
nant processes in multilevel systems. Thetransfer that is
observed does not have to be initiated by the light-shift
effect, as in the example shown. The method presented
here could therefore be useful for other time-resolved
laser experiments[8], where, e.g., the dynamics of molec-
ular reactions[9] or fast dynamicsin solids[10] are stud-
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ied with ultrashort pulses. Such an experiment could
consist of two excitation pulses, separated by a period,
and a probe pulse, separated by a period ¢, from the
second excitation pulse.  Another possible experiment
that is especialy suited to study exchange processes that
are not caused by the laser pulse consists of three excita-
tion pulses, with the separation between the second and
the third pulse held fixed.

This work was supported by the Schweizerischer Na-
tionalfonds.

[1] See, e.g., D. Suter and J. Mlynek, Adv. Magn. Opt.
Reson. 16, 1(1991), and references therein.

{21 See, e.g., S. Q. Shang, B. Sheehy, H. Metcalf, P. van der
Straten, and G. Nienhuis, Phys. Rev. Lett. 67, 1094
(1991), and references therein.

[3IR. R. Ernst, G. Bodenhausen, and A. Wokaun, Principles
of Magnetic Resonance in One and Two Dimensions
(Clarendon, Oxford, 1987), and references therein.

[41 W. P. Aue, E. Bartholdi, and R. R. Ernst, J. Chem. Phys.
64,2229 (1991).

[51 D. Suter and J. Mlynek, Phys. Rev. A 43, 6124 (1991).

[6] D. Suter, M. Rosatzin, and J. Mlynek, Phys. Rev. Lett.
67, 34 (1991).

{71 C. Cohen-Tannoudji and J. Dupont-Roc, Phys. Rev. A 5,
968 (1972).

[8] See, eg., R,G. Brewer, Phys. Today 30, No. 5, 50
(1977), and references therein.

I9] See, e.g., A. H. Zewail, Science 242, 1645 (1988), and
references therein.

[10] See, eg., G. Noll, U. Siegner, S. G. Shevel, and E. 0.
Gébel, Phys. Rev. Lett. 64, 792 (1990), and references
therein.



