Coherent Raman laser from an Alkali dimer pumped by a frequency comb
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A novel theoretical model for a coherent Raman oscillator in an Alkali molecular dimer gas is
presented, in which the gas in a heat-pipe placed in an optical cavity, is periodically pumped from
the ground vibrational state by a matched frequency comb. Spontaneous emission of the excited
wave-packet to different vibrational states in the ground electronic potential is then accumulated
in the cavity, and synchronized with the following frequency comb pulses, producing a stimulated
Raman transition. Simulation studies show that near the oscillation threshold, the accumulated
radiation develops into a train of pulses, which can efficiently dump the excited wave packet into
an almost pure single non-zero ground vibrational state. The train of pulses carries the signature of
the excited wave packet dynamics.
This technique, therefore, may be useful both for studying of molecular properties and dynamics,
as well as aid in achieving quantum coherence control.

Measuring vibrational dynamics in molecules can benefit in achieving a long sought goal of quantum coherence control, namely, steering chemical reactions to do
a desired task, while suppressing competing processes
[22, 23, 27]. Measurement of vibrational dynamics to
date is based either on pump-probe configuration or on
wave-packet tomography. In pump-probe, a strong pump
pulse excites the dynamics, and a delayed probe pulse
probes it, usually by selectively ionizing or dissociating
the molecule depending on the vibrational state, measuring the emitted electron or ion [11]. In wave-packet
tomography, spontaneous emission from a molecule is
measured in a time resolved manner, allowing observation of the time-dependent fluorescence from the vibrating wave-packet due to time-dependent Franck-Condon
overlap between the wave-packet and the ground state
[30, 31]. Both methods are inherently limited by the
small measured signal per molecule (less than one photon/electron). Thus, both methods are inherently slow
and require considerable averaging to obtain a desirable signal-to-noise ratio, either over a large ensemble
of molecules, or, in time, over many pump pulses. Averaging is essentially incoherent accumulation of the light
intensity from many molecules.
Here, an alternative method is presented, in which the
optical signal per molecule is amplified using a coherent cavity amplifier for the spontaneous emission from
molecules. When the excitation pulse is repeated synchronously with the cavity round trip (tooth-to-tooth
comb excitation), the emission after one pump returns
to the molecular medium together with the next pump
pulse, allowing stimulated amplification of the originally
spontaneous molecular emission. It will be argued here
that indeed, it is possible to cross the oscillation threshold with this coherent amplifier and produce a coherentRaman oscillator, pumped by a frequency comb, which
will effectively increase by orders of magnitude, the number of photons emitted per molecule.
The method described here is based on previous works
of one of us [16, 21, 26], in which concepts of direct

control of molecular dynamics were described. Specifically, a method for coherent transfer of population to a
designated vibrational molecular target state with near
unity efficiency was shown, using a coherent train of weak
pump-dump pulse pairs and a vibrational wave packet as
an intermediate [16, 21]. In the system proposed here,
the coherent memory is switched from the molecules to
the accumulated field, although the logic of the coherent
accumulation is essentially identical, and the theoretical
technique is equivalent on both analytic analysis and numerical simulation of the molecular dynamics.
It is important to note here the difference between
the current proposal and common methods of Raman
spectroscopy [4, 14], such as Raman fluorescence spectroscopy, stimulated Raman spectroscopy (SRS) [6, 20]
and coherent anti-Stokes Raman spectroscopy (CARS)
[5, 17, 29] (where just recently important contributions
were made using two frequency combs [2, 8]). All those
well-established methods measure molecular vibrational
levels in the ground electronic potential, and therefore,
the pump field is tuned away from all absorption bands to
ensure a purely virtual Raman transition between ground
levels. In contrast, the method described here aims to observe the vibrational dynamics in the excited electronic
potential, and therefore, the pump pulses are tuned to
the molecular absorption band in order to excite a meaningful wave-packet. In addition, the dump pulse here is
not set externally, but rather amplified from spontaneous
emission through coherent accumulation and is subject
to mode-competition in the laser cavity. The final state
of the Raman transfer is not known a-priori, as it is selected by oscillator dynamics, it can either be a single
vibrational state or a wave packet, as shown by the simulations below.
The conceptual layout of the system is outlined in
figure 1, and a simplified illustration of the underlying
molecular excitation progression, for the K2 dimer, is
shown in figure 2. Whenever a pump pulse traverses the
molecular medium, a vibrational wave-packet is launched
on the excited electronic potential, which dynamics is the
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FIG. 1: The conceptual operation of the apparatus ,
where the pump pulse is followed by a coherent
stimulated emission due to interaction with the
recurring accumulated emission from previous pulses.

competition towards the desired winner.
The emitted field from the molecular medium in the
cavity is calculated within the dipole approximation. Assuming a molecular dipole moment P (t) = P (t)µ̂ where
P (t) is a scalar that varies with time and µ̂ is a unit
vector in the direction of the dipole, which we take as
perpendicular to the optical axis ẑ. Thus dipole emitted
field simplifies to (cf. [3, 9] for full expression):
E(z, t) =
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FIG. 2: Vibrational dynamics scheme for K2 Alkali
dimer.

where |ψg,e (t)i are the vibrational state functions of the
ground and excited electronic states, µeg = µ̄ge ≡ µ is
the electronic dipole moment between the potentials, assumed to be independent of the inter-nuclear distance.
(v)
|ψe (t)i is viewed from the rotating frame at frequency
ω and p(t) is the corresponding rotated dipole amplitude, which reflects the time-dependent Franck-Condon
overlap between the ground and excited wave-functions.
According to equation 1, the dipole emission from the
molecules is proportional to the 2nd time-derivative of
the average dipole P (t):
d2
P (t) ≈ [−ω 2 p(t) − 2iω ṗ(t)]e−iωt + c.c.
dt2

target of our measurement. As the wave-packet vibrates
and disperses in the excited potential, emission occurs
primarily when the wave packet passes the turning point
B, where transition is most effective, in this case, to the
vicinity of the state νe = 23.
The system is arranged such that the excitation pump
comb is locked to the cavity repetition rate. Therefore,
the molecular emission from one pulse returns to the
medium synchronously with the next pump pulse, enabling coherent accumulation and amplification by stimulated emission. The cavity (and the comb) repetition rates are low enough, such that all molecules decay back to the ground vibrational mode before the next
pump pulse arrives. In other words, the coherent memory lingers only in the accumulated light, whereas the
molecules themselves begin each pulse a new from the
same ground state, with no memory of previous pulses.
For an oscillation above threshold, the possible decay
channels will compete for pump resources, pushing the
oscillation towards one winning channel. Shaping of the
pump spectral amplitude and phase can affect the temporal overlap of the wave-packet with a specific target
state, thereby providing a mechanism to steer the mode

(3)

For this purpose, we solve the vibrational Schrödinger
equations on the coupled potentials
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where R is the inter-nucleic distance, TN
=
−~2 /(2M )∂ 2 /∂R2 is the kinetic energy operator of
the nuclei, M is the reduced mass, Ue,g (R) is the
ground/excited potential curve and E(t) is the slow varying amplitude of the accumulated field. From (4) and (2)
we find
h
i
~ ṗ(t)
(5)
= hψg | U (R) |ψe i + µE(t) |ψg |2 − |ψe |2
i eµ
where U (R) ≡ Ue (R)−Ug (R) is the electronic energy difference of order ~ω. The microscopic emitted field E(z, t)
can is then calculated using (5), (3) and (1). Note that
(5) contains contributions both from the ground-excited
superposition and the stimulated emission proportional
to the time-dependent population inversion between the
target state and the wave-packet in the excited potential
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surface, and thus, forms a coherent wave-packet generalization of the well-known rate equations of standard
lasers [25].
Specifically, each pulse was simulated starting with the
same initial conditions of the molecular matter in the
ground vibrational state, where it encounters the same
pump pulse and the intra-cavity field accumulated up to
the current iteration. The Scrödinger equation (4) was
then solved numerically using the split operator method
[7] to obtain the vibrational time-dependent wave functions |ψe,g (R, t)i. With these, the microscopic emitted
field per molecule can be calculated using (5), (3) and (1).
The macroscopic field is then evaluated, by the method
shown below, and then added coherently to the already
existing field to produce the intra-cavity drive field for
the next iteration (with appropriate decoherence, decay
and dispersion). To account for spontaneous emission,
a white noise of the order of one-photon in amplitude,
is also added to the accumulated intra-cavity in every
iteration (in fact, this was the seed of the first emission). The long time between pump pulses is assumed
long enough for the molecules to decay completely to the
vibrational ground state, which is reasonable for a hot,
pressure broadened molecular ensemble.
The macroscopic field gain can be calculated considering the following assumptions: a) the collection of
molecules radiate coherently as a single excited macroscopic dipole if observed far enough. It then decays on
a time scale given by T2 , as dictated by collisions and
other broadening mechanisms in the medium. b) the
accumulated inducing field is Gaussian beam in space,
which corresponds to TEM00 mode of the laser cavity
and is matched to the pump spatial mode as well. c)
there is a linear relation, at any position r in the ensemble gas, between the induced dipole moment (and its
second derivative), and the inducing field at this point
(a common assumption for stimulated emission, also verified by the simulation). Consequently, the spatial mode
of the emitted field is inherently the same Gaussian mode
of the inducing field. d) As a direct result of Fresnel
diffraction in the far field, the macroscopic field on the
em
optical axis EM
(z) at a large enough distance from the
beam waist z  zR (the Rayleigh range), is just the coherent summation of all the microscopic dipole contribuem
em
tions EM
(z) = nVeff Esingle
(z), where n is the molecular
density and Veff is the effective illuminated volume.
We then assume the molecular medium is placed at the
waist of the cavity mode and calculate the emitted field
at a distance z = 20zR , well within the far-field range.
According to Fresnel diffraction, this on-axis field is the
peak value of the emitted Gaussian spatial mode, which
is identical to the inducing Gaussian mode. We can thus
use Gaussian optics to propagate the emitted field back to
the waist, where it is added to the inducing field in preparation for the next iteration. The macroscopic single-pass
gain is thus expressed based on the microscopic emission

extracted from the simulation.
The oscillation threshold can now be immediately estimated from the calculated gain and the assumed cavity
losses. Our simulation showed that for a gain medium
of K2 molecules in a cavity with 5% linear losses is
pumped by a 1W average power comb source at 100MHz
repetition rate (10 nJ/pulse), the threshold density is
1012 molecules/cm3 at an interaction length of 10 cm,
which is convenient to achieve in a heat-pipe experiment. The decoherence window assumed in the simulation was of the order of T2 ≈ 35 ps, which seems
conservative for the relevant temperature and pressure
conditions. The threshold density for Rb2 dimers was
very similar, whereas for Li2 it was slightly higher
( 1013 molecules/cm3 ) due to the lower transition dipolemoment of Li2 compared to K2 .
Extensive simulations of the coherent Raman oscillator were made with three candidate Alkali dimers - Li2 ,
K2 and Rb2 . As electronic potential curves we used
spectroscopic data from the literature (Morse potential
fits) [10, 13, 15] for the ground X 1 Σg and excited A1 Σu
states. For the transition dipole moments we assumed the
atomic values of the D-line, neglecting spin-orbit effects.
In figure 3, snapshots of the intra-cavity response (cavity
field and the molecular populations) immediately after
a pump pulse excitation, where the Raman oscillator is
pumped slightly above threshold (a few percent). The
snapshots are taken at two stages of the dynamics - during cavity buildup, when population depletion from the
excited wave packet is unobserved yet; and at a steady
state, after the mode competition has settled down. The
figure shows the intra-cavity field (1st row), excited wave
packet population and target state population (2nd row)
and the vibrational purity of the target state (the fraction of the final state population that occupies a single
vibrational level, 3rd row).
The results show the following features: (a) Complete
damping of the excited wave packet to the target state
is obtained, even though the oscillator is pumped only
a few percent above threshold. This is in complete contrast to standard lasers, where the excited state population clamps to the threshold value, and can never be
completely dumped. Thus, this Raman oscillator shows
ideal photon efficiency (one emitted photon per every
pump photon absorbed). (b) Near threshold, the emitted field forms a long train of pulses matched to the excited wave packet vibrations. However, the main emission does not appear immediately after the pump, but
rather takes nearly 30ps to develop. At first, this can be
surprising as the simulation’s coherence decay window is
set at T2 = 35ps. (c) As the pump is increased above
threshold, the emitted pulse train becomes shorter, and
appears at an earlier time after the pump pulse, up to a
very high pump where the emission takes the form of a
single primary pulse, that dumps most of the population
immediately after the pump pulse. (d) Conversely, as
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FIG. 3: Simulation results slightly above threshold for
K2 . Left column shows results of a given pulse at an
earlier stage, and the right column shows the type of
results at a stable oscillation stage. In the first row, the
emitted (blue) and accumulated (red) fields are shown.
The rapid oscillation is due to the vibrational dynamics.
In the second row, population of the excited (red) and
target (blue) potential curves are shown. In the lower
row, the purity of the target state with regard to the
specific vibrational state |ν = 23i is shown.

the pump is reduced towards threshold, the main group
of oscillations is pushed towards longer times, until eventually suppressed by the decoherence window (T2 = 35ps
in this simulation) and can no longer coherently dump all
the excited population to the target state. The threshold for coherent oscillation is therefore a direct result of
the available coherence time, and if longer coherence were
available, the threshold would be reduced (as indeed seen
in the simulations). (e) A high vibrational purity of the
target state is achieved near threshold. For Li2 , practically all the dumped population occupies a single vibrational state (> 99.99%), and this purity is achieved
rather early in time, even before the main bulk of the
population is actually transferred. For K2 the purity is a
little lower at > 98%, and for Rb2 the purity was > 90%.
These high purities are achieved autonomously by the
system due to the physical preference in the mode competition stage, and will be discussed further below. (f) At

high above threshold, the emitted field shortens in time
and the purity of the target state is lower (though for Li2
purity is much more robust due to its faster dynamics).
The Raman oscillator behaves as ordinary laser in the
sense that it seeks to dump the excited population in
an efficient way. However, the coherent radiation can
be used the dump the entire excited population over a
longer time, and thus with higher efficiency, just like in a
simple two level system, where energy required for a πpulse is inversely proportional to its duration. Thus, near
threshold, where the available energy for the dump is low,
a long coherent train (as long as the decoherence allows)
develops. As the pump is increased above threshold, the
available dump energy increases, and the population can
be dumped faster.
The high purity is the result of the different vibrational
periods of the excited and target potential curves, where
the large duration of transfer τdyn > 1/(νe − νf ), where
νe − νf is the difference between the vibrational periods
(in terms of frequency), and therefore, transfer occurs
only to a single state. As long as the actual coherence
time T2 > 1/(νe − νf ), high purity can be achieved for
K2 and Rb2 as well (which are heavier and consequently
shows slower vibrational dynamics).
In order to estimate the coherence time, we use the
molecular dimer threshold density derived in the simulation, and since the molecules are produced in a hot
Alkali vapor cell, where dimers constitute 0.5 − 1% of
the density [28], the major factor for T2 would be collisions with the surrounding atoms. For dimer densities
of 1012−13 molecules/cm3 , the atomic density needs to
reach 1014−15 atoms/cm3 , which maps to a temperature
range of 470◦ − 550◦ K. Even at higher atomic pressures
of 1015 atoms/cm3 , the corresponding vapor pressure in
the cell is at most of 1 Torr [1]. The exact pressure broadening of K − K2 is not known to us, however, the atomic
pressure broadening (K − K collisions) of the D1 line
is 2GHz/Torr [24]. This is an anomalously high value,
since it is affected by resonant dipole-dipole collisions
which have large cross-sections. For non-resonant collisions, typical broadening values are of a few 10−100M Hz
[12, 18, 19]. For K2 , the molecular transitions are far detuned from the atomic lines, and therefore, the K − K2
collisions are expected to be predominantly non-resonant.
Yet, even if we adopt the severe atomic broadening value,
the collisional coherence is expected to be > 100ps, which
is more than sufficient for the coherent Raman oscillator. Other sources of broadening such as Doppler are
not expected to be an important factor in T2 (Doppler
broadening, for instance, nearly cancels out in Raman
transitions).
Thus, the coherent Raman oscillator presented here
seems to be realizable, showing both novel coherence
and selectivity features, offering avenues for exploring
molecular properties and dynamics even beyond the Alkali dimers presented here.
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