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We report the experimental observation of temporal quantum interference between two time-delayed 3S-
3P-5S �or 4D� transition pathways created through two collision-assisted two-step excitation processes by
using a single nanosecond laser pulse in the Na2-Na system. It is clearly shown that the collisions offer a
promising alternative to realize quantum interference in the time domain at room or higher temperatures
despite the dephasing nature.
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Just as classical optical interferences involve interferences
in the space and time domains, there exist two kinds of quan-
tum optical interferences. One refers to the interference be-
tween two or more different transition pathways connecting
the same initial or final state in the frequency domain �e.g.,
spontaneous emission cancellation �1�, coherent population
trapping �2�, etc.�, and the other refers to the interference
between two or more time-separated transition pathways
connecting the same initial and final states in the time do-
main �e.g., temporal coherent control �3–5��. Laser-assisted
collisions �divided into collisionally aided radiative excita-
tion �CARE� and light-induced collisional energy transfer
�LICET� �6�� provide an effective way for populating a par-
ticular atomic or molecular excited state, as collisions can
supply or take away the extra energy to compensate for the
energy defect between the photon and transition frequency.
The collisions are generally thought to be dephasing in na-
ture and detrimental to quantum coherence. However, the
quantum coherence and interferences created through the
laser-assisted collisions have been extensively studied. The
CARE-induced quantum coherence and interference was first
considered in pressure-induced extra resonance by Bloem-
bergen �7� in four-wave mixing and by Grynberg �8� in non-
linear spectroscopy. Based on Grynberg’s analysis, we have
recently experimentally and theoretically studied the
collision-induced quantum interferences in the frequency do-
main �9�. The LICET-induced quantum coherence and inter-
ference has been theoretically analyzed by Berman �10� and
experimentally observed by Debarre �11� and Cahuzac �12�.
Moreover, the temporal quantum interference has also been
experimentally demonstrated in radiatively assisted colli-
sions between Rydberg atoms �13�. In the previous experi-
ments of temporal quantum interference, the two time-
delayed transition pathways were produced either by using
an atomic or a molecular supersonic beam to pass through
two spatially separated cw laser beams �3,4�, or by using two
time-delayed laser pulses �5�. In this paper, we report the
experimental observation of temporal quantum interference
between two time-delayed 3S-3P-5S �or 4D� transition path-
ways realized through the special two collision-assisted two-
step excitation processes by using a single laser pulse in the
Na2-Na system.

Figure 1 schematically shows the relevant energy levels in
the Na2-Na system together with the excitation processes
driven by a single ns laser pulse and the stimulated emission
5S �or 4D�-4P. As analyzed in Refs. �14–16�, there exist
two collision-assisted two-step excitation processes for
populating the 5S �or 4D� state when the laser wavelength
is tuned near the resonant transition 3P-5S �or 4D�. The
first one is the atomic collision-assisted two-step excitation
�process I�, i.e., the off-resonant collision-assisted excitation
of the sodium atom from the 3S state to the 3P1/2,3/2 states
�the mean time interval between the laser-assisted Na-Na
�and Ar� collisions is �1�, and the subsequent resonant or
nearly resonant excitation 3P1/2,3/2-5S �or 4D� �indicated
with the two thin lines�. The second one is the molecule-
atom hybrid excitation �process II�, that is, the excitation of
sodium molecules from the X 1�g

+ state to the A 1�u
+ state

followed by the Na2
*-Na collision energy transfer

�Na2
*�A 1�u

+�+Na�3S�→Na*�3P1/2,3/2�+Na2�X 1�g
+�� to ex-

cite the sodium atom from the 3S state to the 3P1/2,3/2 states
�the mean time interval between the Na2

*-Na collisions is �2�,
and the subsequent resonant or nearly resonant excitation
3P1/2,3/2-5S �or 4D� �indicated with the two thick lines�. Ob-
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FIG. 1. The relevant energy levels in the Na2-Na system and the
two collision-assisted two-step excitation processes. The two time-
delayed 3S-3P-5S �or 4D� transition pathways are created through
the atomic collision-assisted two-step excitation �indicated with the
two thin lines� and molecule-atom hybrid excitation �indicated with
the two thick lines� by the same single ns laser pulse when the laser
wavelength �p is tuned near the resonant transition 3P-5S �or 4D�.
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viously, two time-delayed 3S-3P-5S �or 4D� transition path-
ways are created through the two collision-assisted two-step
excitation processes I and II, where the time delay corre-
sponds to the difference of the two mean time intervals �2
and �1. The two indistinguishable 3S-3P-5S �or 4D� transi-
tion pathways driven by the same single laser pulse are co-
herent and would interfere with each other, so Ramsey
fringes �17� could be observed in the population of the 5S �or
4D� state by tuning the laser frequency near the resonant
transition 3P-5S �or 4D� under certain experimental condi-
tions. As discussed by Krökel �15�, the 5S �or 4D� state
population resulting from other processes, such as two-
photon absorption and energy pooling collisions, are at least
two orders of magnitude less than that from the above two
excitation processes I and II, and therefore can be neglected.

The experimental setup is shown in Fig. 2. The tunable
laser used throughout the experiments is a dye laser pumped
by a Q-switched Nd:YAG laser. The pulse duration and line-
width of the dye laser are about 15 ns and 0.1 cm−1, respec-
tively. The laser wavelength is tuned in the measured range
of 614.5–617.0 or 567.7−570.0 nm, which lies in the ab-
sorption band of the X 1�g

+–A 1�u
+ transition in sodium

dimer. The laser beam with 2 mm in diameter is focused by
a lens with a focal length of 70 cm to the center of a cross
heat-pipe oven with a heating length of 22 cm and contain-
ing about 20 g pure sodium. The oven temperature is typi-
cally kept at about 760 K, corresponding to the sodium
atomic and molecular densities of about 3.8�1016 and
1.4�1015 cm−3, respectively �18�. The forward directional
radiation with about an 8 mrad divergence angle, which is
approximately the same as that of the pumping laser beam, is
introduced into a monochromator after passing through an
infrared bandpass filter to eliminate the residual pump beam.
The forward infrared stimulated emission is detected by a
PbSe detector for the radiation 5S-4P at about 3.41 �m �or a
PbS detector for the radiation 4D-4P at about 2.34 �m�. The
signals are recorded by a PC after integration by a boxcar.

The solid line in Fig. 3�a� shows the measured excitation
spectrum for generating the stimulated radiation 5S-4P with
the sample temperature of about 760 K, pulse energy of
about 2.0 mJ, and Ar buffer gas pressure of about 0.18 bar. It
can be seen that an envelope corresponding to the two
collision-broadened resonant absorption 3P1/2-5S and
3P3/2-5S is modulated by Ramsey fringes. The two highest
peaks stand at the two atomic resonant absorption wave-
lengths of 615.43 and 616.08 nm, where the frequency sepa-
ration between them is about 17.20 cm−1, corresponding to
the energy separation of the 3P doublet. The frequency sepa-

ration between two neighboring interference fringes is about
2.15 cm−1; it means that the time difference of the two
collision-assisted excitation processes I and II is about
15.5 ps. In addition, we also measure the excitation spectrum
in the backward direction and find the fringes still exist,
which indicates that the fringes should not come from some
nonlinear optical wave-mixing processes.

In order to confirm that the fringes do come from inter-
ference between two time-delayed collision-assisted two-step
transition pathways, we further measure the excitation spec-
trum for generating the stimulated radiation 4D-4P to test
whether the fringes can also appear under certain conditions.
As shown in Fig. 3�b� with the solid line, Ramsey fringes
superimposed on an envelop corresponding to the two
collision-broadened resonant absorption 3P1/2,3/2-4D are ob-
served as well under almost the same conditions as those of
the preceding experiment except for the Ar buffer gas pres-
sure of about 0.30 bar. The two highest peaks are also cen-
tered at the two resonant absorption wavelengths of 568.27
and 568.83 nm. The frequency separation �about 2.46 cm−1�
between two neighboring fringes corresponds to the time dif-
ference �about 13.6 ps� of the two excitation processes I and
II. It can be seen from the different frequency separation
between two neighboring fringes in Figs. 3�a� and 3�b� that
the fringes in Fig. 3 are not the consequence of some experi-
mental artifacts, such as the interference on the cell win-
dows, as the fringes from the interference on the cell win-
dows should have equal frequency separation between two
neighboring fringes in Figs. 3�a� and 3�b�.

It may seem strange that the collisions can induce coher-
ence, as it is generally thought that the collisions destroy
coherence. However, as theoretically analyzed by Berman
�10� and experimentally demonstrated by Debarre �11� and
Cahuzac �12�, quantum coherence and interference can be
produced through the LICET process in spite of its basically
inelastic character. According to the analyses in Refs. �6,12�,
we perform a theoretical calculation by solving the time-
dependent Schrödinger equation of the probability amplitude
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FIG. 2. The experimental setup. BS, beam splitter; L1 and L2,
lens; F, infrared filter; MC, monochromator; D1, triggering detector;
and D2, infrared detector.

615.0 615.5 616.0 616.5 568.0 568.5 569.0 569.5

(a)616.08

615.43

In
te
ns
ity
(a
rb
.u
ni
ts
)

(b)568.83

568.27

Wavelength (nm)

FIG. 3. Experimental �solid lines� and calculated �dotted lines�
excitation spectra for generating the stimulated emission 5S-4P �a�
and 4D-4P �b� with the sample temperature of about 760 K, pulse
energy of about 2.0 mJ, and Ar buffer gas pressures of about
0.18 bar �a� and 0.30 bar �b�, respectively.
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of the 5S �or 4D� state. As to the time evolution of the two
collision-assisted two-step excitation processes I and II for
populating the 5S �or 4D� state, as shown in Fig. 1, if we
assume that the onset of the interaction of the laser pulse
with the quantum system is at arbitrary time t= t0, then the
sodium atom in the 3S state is driven into a virtual state
�about 700 cm−1 away from the 3P state and shown with the
dotted line� by one-photon absorption at time t= t0, and the
sodium molecule in the X 1�g

+ state is excited to the A 1�u
+

state by one-photon absorption at time t= t0 as well; the sub-
sequent evolutions of the two kinds of collisions would also
begin at the same time t= t0. As is well-known, the mean
time interval between two collisions is equal to the inverse of
the collisional decay rate �its definition is similar to that of
the lifetime of an atomic or a molecular excited state�, which
can be treated as definite under a certain experimental con-
dition. Thus at timet= t0+�1, i.e., after the mean time interval
�1 between the laser-assisted Na-Na �and Ar� collisions, the
sodium atom is excited to the 3P state from the virtual state
through the laser-assisted Na-Na �and Ar� collisions and sub-
sequently excited to the 5S �or 4D� state by further absorbing
a photon; at time t= t0+�2, i.e., after the mean time interval
�2 between the Na2

*-Na collisions, the sodium atom can also
be excited to the 3P state through the Na2

*-Na collision-
energy-transfer and subsequently excited to the 5S �or 4D�
state by further absorbing another photon. Consequently, two
time-delayed 5S �or 4D� state probability amplitudes with a
definite time delay corresponding to the difference
��=�2−�1 are realized through the two collision-assisted
two-step excitation processes I and II. Correspondingly, at
any definite time after the onset of the interaction of the laser
pulse with the quantum system, the two first-step excitations
in the processes I and II would begin simultaneously at this
definite time and the following two kinds of collisions would
also start to evolve at the same definite time; subsequently,
there always exist two time-delayed 5S �or 4D� state prob-
ability amplitudes with a definite time delay �� through the
two excitation processes I and II. Therefore, with the time
evolution of the interaction of the laser pulse with the quan-
tum system, a series of two time-delayed 5S �or 4D� state
probability amplitudes with a definite time delay �� are
formed, which would interfere with each other, and Ramsey
fringes could be observed in the 5S �or 4D� state population
under certain conditions.

Following the experimental excitation processes, we con-
sider an atomic system consisting of four states: 1, 2, 3, and
4, corresponding to the states 5S �or 4D�, 3P3/2, 3P1/2, and
3S, respectively. We denote the detuning of the laser field
with frequency �L from the 3P-5S �or 4D� transition with
frequency � as �=�L−�, the Rabi frequency of the laser
field with amplitude E coupling the 3P and 5S �or 4D� states
as 	=�E /
 �� is the dipole moment for the transition 3P-5S
�or 4D��, and the decay rate of the 5S �or 4D� state as �1,
which depends not only on the 5S �or 4D� state natural life-
time, but also on the collisions. The dynamic evolution of the
5S �or 4D� state probability amplitude C1�t� can be written as

d

dt
C1�t� = − i	ei�tC2�t� − �1C1�t� , �1�

where C2�t� is the probability amplitude of the 3P state,
which has two contributions; the first is the laser-assisted

collision excitation 3S-3P with a mean time interval of �1,
and the second is the Na2

*-Na collision-energy-transfer in-
duced excitation 3S-3P with a mean time interval of �2. The
order of �1 and �2 is about 102 ps �19,20�, and the durations
of the two type collisions �about 1 ps� are much smaller than
�1 and �2 �21�. As analyzed in Refs. �6,12�, the two probabil-
ity amplitudes for populating the 3P state through the exci-
tation processes I and II can be readily calculated with the
perturbation theory under the assumption of a Van der Waals
collisional interaction. When the laser field is tuned near the
3P-5S �or 4D� transition, since the laser tuning range �about
70 cm−1� is far smaller than both the X 1�g

+–A 1�u
+ transition

bandwidth and the detuning �about −720 cm−1 �or
630 cm−1�� of the laser from the resonant transition 3S-3P,
the two 3P state probability amplitudes can be regarded as
independent of the laser frequency �L and denoted as �1 and
�2, respectively; it indicates that the line profile in Fig. 3�a�
�or Fig. 3�b�� corresponds indeed to the collision-broadened
resonant absorption 3P-5S �or 4D�. We assume that the decay
rate of the 3P state is �2; then the probability amplitude C2�t�
can be written as C2�t�=�1e−�2t+�2e−�2�t−���. Consequently,
the probability amplitude C1�t� also has two components �de-
noted as C1�t�=b1�t�+b2�t��. If the onset time of the interac-
tion of the pulse with the quantum system is arbitrarily set at
time t0=−�1, then at time t=0, one probability amplitude for
populating the 5S �or 4D� state is realized through process I
and the probability amplitude b1�t� is b1�t�

=
−i	�1e−�1t�e�i�−�2+�1�t−1�

i�−�2+�1
; and at time t=�2−�1=��, the other

probability amplitude for populating the 5S �or 4D� state is
realized through process II, and the probability amplitude

b2�t� is b2�t�=
−i	�2ei���−�1�t−����e�i�−�2+�1��t−���−1�

i�−�2+�1
. Therefore the total

probability for populating the 5S �or 4D� state �taking into
account the 3P doublet �k=2 and 3�� after the laser pulse is
equal to the modulus squared of the sum of the integrations
of the probability amplitudes b1�t� and b2�t� over time, which
can be expressed as

�C1���2 � �
k=2

3
	k

2

�i�k − �2k + �1�2
�1 + �2e2�1��

+ 2�e�1�� cos �k��� , �2�

where � is the ratio �2 /�1, �k=�L−�1k is the detuning of
the laser from the transition k to 1 with frequency �1k, 	k
=�1kE /
 is the Rabi frequency of the laser field coupling the
states 1 and k, and �2k is the decay rate of the state k. It can
be seen from Eq. �2� that the first two terms in the square
bracket correspond to the two independent 3S-3P-5S �or 4D�
transitions for populating the 5S �or 4D� state, whereas the
last term corresponds to the interference between them.
Whether the interference is constructive or destructive de-
pends on the term cos �k�� being positive or negative.
Therefore by tuning the laser frequency near the transition
3P-5S �or 4D�, the 5S �or 4D� state population would exhibit
Ramsey fringes and the frequency separation between two
neighboring fringes is equal to 1/��.

The dotted lines in Figs. 3�a� and 3�b� show the calculated
results with the consideration of the line broadening from the
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resolution of the monochromator. According to the data in
Refs. �19,20�, the decay rates are set as follows: �1
=3.1 cm−1, �22=0.7 cm−1, and �23=0.9 cm−1 in Fig. 3�a�,
and �1=4.2 cm−1, �22=1.0 cm−1, and �23=1.2 cm−1 in Fig.
3�b�, respectively. The two mean time intervals �2 and �1 are
on the order of 102 ps and the difference between them is on
the order of 10 ps �19–21�, so the time delay �� is set ac-
cording to the experimental data to be 15.5 and 13.6 ps in
Figs. 3�a� and 3�b�, respectively. The factor �e�1�� is set to
equal 1 in both Figs. 3�a� and 3�b�, as the most obvious
fringes are observed under the conditions. It can be seen that
the calculated results are in reasonable agreement with the
experimental ones. The discrepancy in the red detuning sides
of the peaks is due to the experimental fact �22� that the
decay rates in the red detuning sides are larger than that in
the blue ones, which is not included in the calculation. Note
that, as discussed in Refs. �15,19�, the above values of the
ratio � and decay rates �1 and �2 are only approximate ones,
and the reliable data about them at a particular sample tem-
perature and buffer gas pressure do not exist so far �these
parameters only affect the contrast of the fringes or linewidth
of the resonance profile�. However, the main physical picture
and the most distinct feature of temporal quantum interfer-
ence, i.e., the envelop corresponding to the two collision-
broadened resonant absorption 3P1/2,3/2-5S �or 4D� modu-
lated by Ramsey fringes, are clearly presented in both our
experimental and calculated results.

Since the quantum interference is realized through the two
collision-assisted two-step excitation processes, where the
collision plays an essential role, the fringes should be very

sensitive to the sample temperature or buffer gas pressure.
Figure 4 shows the sample temperature dependences of the
excitation spectra for generating the stimulated radiation 5S-
4P. Obviously, a very sensitive dependence of the fringes on
the sample temperature is displayed. As shown in Figs. 4�b�
and 4�c�, although no distinct increase of the frequency sepa-
ration between two neighboring interference fringes can be
observed due to the small increase of the temperature �about
5 K�, an obvious decrease of the contrast of the interference
fringes is seen. Moreover, the temperature variation of about
10 K would wash out the fringes, as shown in Figs. 4�a� and
4�d�. The extremely sensitive dependence of the fringes on
the experimental temperature is due to the fact that the con-
trast of the interference fringes �2�e�1�� / �1+�2e2�1���� is de-
termined by the ratio �, time delay ��, and decay rate �1, all
of which critically depend on the collisions. The distinct
fringes can only be observed when it should be simulta-
neously satisfied that the product �e�1�� nearly equals one,
and the time delay �� could not be longer than the 5S �or 4D�
state radiative time or the characteristic time of any collision-
induced dephasing process. The simultaneous satisfaction of
these conditions indicates that only under a suitable sample
temperature and buffer gas pressure can the interference
fringes be clearly observed. In addition, the various
collision-induced dephasing processes, such as the escape of
the atoms and molecules out of the laser beam, collision-
ionization, and collision-quenching, would also destroy the
quantum interference. These may be the main reasons that a
small decrease or increase of the temperature would lead to
the disappearance of the fringes. The extreme sensitivity of
the interference fringes to the buffer gas pressure in the 3S-
3P-5S excitation is observed as well. This can account for
Krökel’s �15� and our �16� previous failures to observe the
fringes. It should be noted that, as seen in Figs. 4�a�–4�d�,
since the molecular concentration increases with the increase
of the sample temperature, the disappearance of the fringes
enables us to exclude that the fringes result from any mo-
lecular transitions.

In conclusion, we have experimentally observed the tem-
poral quantum interference between the two time-delayed
3S-3P-5S �or 4D� transition pathways created through the
special two collision-assisted two-step excitation processes
by using a single ns laser pulse in the Na2-Na system. Our
present and previous �9� results further support the argument
�7,8,10–12� about collision-induced quantum coherence and
interference, and clearly indicate that the collisions offer a
promising alternative to realize quantum interference in both
the time and frequency domains at room or higher tempera-
tures in spite of the dephasing nature.
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FIG. 4. Experimental excitation spectra for generating the
stimulated emission 5S-4P with the pulse energy of about 2.0 mJ,
Ar buffer gas pressure of about 0.18 bar, and sample temperatures
of about 750 K �a�, 760 K �b�, 765 K �c�, and 770 K �d�,
respectively.
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