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Optical oscillators present a powerful optimization mechanism. The inherent competition for the gain
resources between possible modes of oscillation entails the prevalence of the most efficient single mode.
We harness this “ultrafast” coherent feedback to optimize an optical field in time, and show that, when an
optical oscillator based on a molecular gain medium is synchronously pumped by ultrashort pulses, a
temporally coherent multimode field can develop that optimally dumps a general, dynamically evolving
vibrational wave packet, into a single vibrational target state. Measuring the emitted field opens a new
window to visualization and control of fast molecular dynamics. The realization of such a coherent
oscillator with hot alkali dimers appears within experimental reach.
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Compared to atoms, molecules are unique in their
vibration and rotation, which produces rich, complex
dynamics upon excitation by pulses of light [1]. Since
chemical reactions are driven by vibrational dynamics [2],
precise measurement and control of the vibration is of
interest. To date, vibrational dynamics was measured using
either pump-probe excitation or wave-packet tomography.
In pump-probe excitation, a pump pulse excites the
dynamics and a delayed probe pulse probes it, usually
by selective ionization or dissociation of the molecule
depending on its vibrational configuration [3-5]. In wave-
packet tomography, the spontaneous emission from an
excited vibrational wave packet is time-resolved, reflecting
the vibration dynamics due to the time-dependent Franck-
Condon overlap between the wave packet and the final state
[6-9]. Both methods are inherently limited by the weak
measured signal (less than one photon or electron per
molecule per pump pulse), which is difficult to detect,
indicating that both methods are inherently slow and
require averaging (either in space over a large ensemble
of molecules or in time over many pump pulses) to obtain a
decent signal-to-noise ratio. While averaging incoherently
accumulates the light intensity from many molecules, we
present a method for coherent accumulation of the field
amplitude in time that can dramatically improve the signal-
to-noise ratio and speed of the measurement.

We suggest an optical oscillator, where coherent emis-
sion from a dynamically evolving wave packet (excited by
an ultrashort pump pulse) is amplified beyond the oscil-
lation threshold. The oscillator concept is outlined in Fig. 1:
A medium of molecules is placed in an optical cavity and
excited by ultrashort pump pulses with a repetition rate that
matches the cavity round trip. Each pump pulse excites a
nonstationary vibrational wave packet, which later coher-
ently evolves (vibrates) on the excited electronic potential.
During vibration, the wave packet emits nonstationary
Raman light, either spontaneous or stimulated, as illustrated
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in Fig. 2, for a medium of K, molecules. In wave-packet
tomography, this spontaneous Raman emission was tem-
porally resolved to reconstruct the wave-packet dynamics
[3.6,10]. We suggest collecting the emitted Raman light in a
cavity, where stimulated amplification can occur when the
pump repetition matches the cavity round trip, which
ensures that the emission from one pump pulse returns
to the medium synchronously with the next pulse. When
such a Raman amplifier crosses threshold, a temporally
coherent oscillation can be obtained, where the pump field
that was inscribed onto the excited wave packet, is later
reshaped by the vibrational dynamics and reemitted in the
form of coherent Raman radiation. For simplicity, we
assume that the pulse repetition is low compared to the
decay rate of the molecules, indicating that the time
between pulses is sufficiently long for all molecules to
decay back to the ground vibrational level. Therefore, the
molecules carry no memory of previous excitations, but the
light field accumulated in the cavity serves as coherent
memory that lingers from pulse to pulse.

Our method is related to work on precision control of
molecular dynamics using the frequency comb [11-13],
where highly efficient and selective population transfer was
achieved between designated vibrational levels, relying on
coherent accumulation of molecular excitations from a train of
weak pump-dump pulse pairs, and a vibrational wave packet
as an intermediate. The noticeable difference is that now the
coherent memory is not in the molecules, but in the accu-
mulated dump field, and the field is not prespecified, but
rather amplified from spontaneous emission. Yet, the logic of
coherent accumulation is identical, leading to selective trans-
fer, and the theoretical treatment is similar, both for analytic
calculation and numerical simulation of the dynamics.

Note the difference between the proposed coherent Raman
oscillator and methods of coherent Raman spectroscopy
[14,15], such as Raman fluorescence, stimulated Raman
spectroscopy [16,17], and coherent anti-Stokes Raman
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FIG. 1. Oscillator concept. A molecular medium in an optical
cavity is excited by a train of pump pulses. Each pump pulse
launches a vibrational wave packet, which later emits (Raman)
light, as it vibrates on the excited molecular potential. The cavity,
which resonates only the Raman emission (not the pump), is
matched to the repetition rate of the pump pulses, allowing
amplification of the Raman emission.
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spectroscopy [18-20]. All these methods measure molecular
vibrational levels in the ground electronic potential, and
deliberately avoid the excited potential to ensure a purely
virtual Raman transition between ground levels. In contrast,
we aim to observe the vibrational dynamics in the excited
electronic potential, and the pump pulses are tuned to excite a
meaningful wave packet. In addition, the dump pulse is not
externally set but, rather, amplified from spontaneous emis-
sion through coherent accumulation and is subject to mode
competition.

In the analytic and numerical study presented here, we
consider a realistic test case of a coherent Raman oscillator.
As gain medium, we take an ensemble of alkali dimers (K,
or Li,) that are thermally mixed with free atoms in a hot
vapor cell (~550° K for K,, and ~700° K for Li,) and show
that the oscillation threshold is achievable with reasonable
pump power (~1 W), molecular densities (10'*'4 cm™ for
K,) and interaction length (5—-10 cm). We present the
calculation and simulation in a bottom-up structure, from
the microscopic, single molecule dynamics to the
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FIG. 2. Molecular excitation cycle for the K, dimer. The pump
pulse excites a vibrational wave packet. As the wave packet
vibrates and disperses on the excited potential, emission occurs
primarily when the wave packet passes at the outer turning point
B, where the Franck-Condon overlap is maximal to the target
state (near vibrational level v, = 23).

macroscopic field gain and cavity evolution, accounting
forloss, dispersion, and decoherence. Since the performance
of this coherent oscillator and, in particular, the oscillation
threshold critically depend on decoherence properties, an in-
depth evaluation of decoherence mechanisms is provided—
both homogeneous pressure broadening (collisions) and
inhomogeneous rotational and Doppler broadenings. We
show that the homogeneous coherence time in a hot vapor
cell can reasonably be 7, > 100 ps, and that the threshold is
primarily affected by the inhomogeneous thermal distribu-
tion of rotational states, which breaks the molecular ensem-
ble into independent coherent clusters and reduces the
available population for coherent gain. This Letter outlines
the calculation concept, simulation procedure and results,
and the decoherence considerations (with full details pro-
vided in the Supplemental Material [21]).

Before delving into the calculation, it is illuminating to
present the unique features of this oscillator as reflected in
the simulation results. Once Raman oscillation is obtained,
this oscillator demonstrates unique coherent dynamics: The
produced “dump” field, that stimulates the molecules back
to the ground potential, forms, together with the pump
pulse, a coherent pump-dump pair, reminiscent of many
configurations of coherent control [33,34]. Here, however,
the dump field is not specified a priori but is dynamically
amplified from spontaneous emission. Therefore, the final
target state of the molecules is also undefined, and different
possible decay channels may compete for the gain (pump
energy). Surprisingly, the winning decay channel near
threshold is to dump the entire wave packet to a single
target vibrational state with a train of dump pulses that is
matched to the vibrational period of the excited wave
packet (see Fig. 3). Furthermore, the quantum efficiency of
the dump transfer is always near unity with very high target
selectivity, even very close to threshold.

The oscillator harnesses mode competition to “automati-
cally” solve an important optimization problem of coherent
quantum control: to find the optimal dump pulse for efficient
and selective transfer from a given wave packet to a single
target state [11,12,35]. This automatic solution for the pulse
in time is in direct analogy to work in [36], where the
competition between spatial modes was exploited to generate
the optimal field in space to focus through a highly scattering,
turbulent medium. Single vibrational mode selection was
also observed in a theoretical study of a proposed x-ray laser
with a gain medium of N, molecules [37,38].

Although the final state is not designated a priori and is
selected via intracavity mode competition, the dynamics
can be steered towards a desired vibrational target state n;
by shaping the spectrum of the pump pulse to maximize the
spectral overlap of the excited wave packet with the target
state [11]. As detailed in the Supplemental Material [21],
this is accomplished by enhancing (diminishing) pump
frequencies that excite components of the wave packet with
high (low) Franck-Condon overlap to the target state 7.
Specifically, shaping the pump spectrum according to
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FIG. 3. Simulation results (for a single coherent cluster) for Li,
and K, during 50 ps following a particular pump pulse excitation,
for an oscillator pumped slightly above threshold. The left
column shows the intracavity field and populations at an early
stage of the amplification, well before saturation is reached (Li,);
the middle (Li,) and right (K,) columns show the results for
stable oscillation. The top row shows the temporal intensity of the
intracavity field, where the rapid oscillations (see inset) match
with the vibrational dynamics of the excited wave packet. The
middle row shows the corresponding evolution of the populations
of the excited (red) and target (blue) wave packets. In the bottom
row, the overlap of the target state with the designated target state
is shown, demonstrating the high selectivity of the dump transfer.

Epump(@,,,) o ptog(ne|ny), where @, denotes the transition
frequency from the initial ground state n, =0 to the
vibrational component n, of the excited wave packet.
We verified this selective steering in simulation with Li,,
where shaping the spectrum of a given pump pulse steered
the dump into any of the target states ny = 8, 9, 10.

One can consider the emission from the coherent Raman
oscillator as a Raman shifted version of optical free
induction decay (FID), where a large ensemble of molecu-
lar dipoles emit coherently. Observation of FID in the
optical domain is challenging since the emission is very
short in time (limited by the coherence time 7,), and
overlaps spectrally with the excitation pulse. Previously,
optical FID was measured indirectly by Fourier inversion of
the molecular absorption spectral amplitude (including
phase), as measured with a dual frequency comb
[39,40]. The large Raman shift in our oscillator allows
optical FID to be observed directly in time. Furthermore,
the excited wave-packet dynamics can be directly read off
from the spectrum and phase of the emitted field, as
elaborated in the Supplemental Material [21].

To model the coherent Raman oscillator we take an
iterative approach, which mimics the intracavity evolution
in time: the molecular radiated field in every round trip is
calculated based on the, so far, accumulated intracavity
field and on the recurring pump pulse excitation, both

interacting coherently with the molecular ensemble. The
cavity field for the next round trip is then generated by
adding the emission to the previous intracavity field,
including decoherence, cavity loss and dispersion. The
emitted field E,, is proportional within the dipole approxi-
mation to the second time derivative of the total (macro-
scopic) electric dipole in the medium P,

d?
:WWPM(I_Z/C)' (1)

In a large ensemble, the total dipole is Py (1) = N P(1),
where N is the effective number of molecules and P is the
quantum average dipole of a single molecule

P() = ey (Dl (1)) .. = p(i)e ™ tee.  (2)

Een(z.1)

Here, |y, (1)) are the vibrational wave functions on the
ground and excited electronic potentials, @ is the center
optical frequency and u,, = ji,, = p is the electronic dipole
moment between the potentials, assumed independent of the
internuclear distance (Condon approximation). Thus, once
the molecular wave-packet dynamics is calculated, the
microscopic molecular dipole (and emitted field) can be
easily obtained as the time dependent overlap between the
excited and target wave packets (and its temporal derivatives).

Thus, the gain is calculated in three stages: First, given the
pump pulse field, and the current cavity-accumulated dump
field, the dynamics of the wave packet is calculated on all the
coupled ground-excited-target potentials by numerically
solving the time-dependent Schrodinger equation (using
the split-operator method [41]). Once the wave functions are
calculated in time, the average dipole and the emitted field
(per molecule) are calculated with Egs. (1) and (2). Last, the
macroscopic field gain is calculated by considering the
spatial mode of the emitted field and the total number of
excited molecules. Cavity losses and dispersion are applied
after every iteration, and spontaneous emission is modeled
as an additive white noise to the emitted field, which seeds
the oscillation. Homogeneous decoherence (collisional
pressure broadening) is introduced as a phenomenological
decay of the macroscopic dipole, whereas inhomogeneous
decoherence is incorporated as an effective reduction of the
available molecular population due to the thermal spread of
rotations (J states), which divides the molecular population
to independent coherent clusters of slightly shifted emission
frequencies (see further details later on and a complete
discussion in the Supplemental Material [21]).

The evolution of the Raman oscillator can then be
simulated including all experimental parameters, the mode
competition during cavity buildup can be fully visualized for
both the wave-packet dynamics and the cavity field, and the
emitted field in stable operation can be calculated. We
simulated the coherent Raman oscillator for molecular
media of alkali dimers Li,, K,, and Rb,, using electronic
Morse potential fits [42—44] for the ground X %, and excited
A'Z,, states. Transition dipole moments were assumed to be
the spherically averaged atomic values of the D line [45].
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Figure 3 shows snapshots of the accumulated field, the
molecular populations and the vibrational selectivity for Li,
and K, dimers for various stages of oscillator evolution (with
a single oscillating coherent cluster). The results reveal
exceptional features of this coherent Raman oscillator:
(a) Complete dumping is obtained of the excited wave
packet to the target state, even though the oscillator is
pumped just a few percent above threshold. This is in
contrast to standard lasers, where the excited state popula-
tion clamps to the threshold value, and can never be
completely dumped. (b) Near threshold, the emitted field
forms a long train of pulses matched to the excited wave-
packet vibration (see insets in the top row of Fig. 3). Note
that the main emission develops only ~30 ps after the pump
in spite of the shorter 7, = 25 ps that was assumed. (c) The
vibrational selectivity of the target state is exceptional near
threshold. For Li,, practically all the dumped population
occupies a single vibrational state (> 99.99%), and this
selectivity is achieved rather early in time, even before the
main bulk of the population is actually transferred. For K,,
selectivity is a little lower at > 98%, and for Rb,, the
selectivity was > 90%. These high selectivity values are
achieved autonomously by the system due to the physical
preference in the mode competition stage. This preference is
directly related to the ratio of the excited vibrational period
to the available coherence time T, which is best for the light
and fast Li,. (d) As the pump is increased further above
threshold, the emitted pulse train becomes shorter and
appears at an earlier time after the pump. The selectivity
of the target state in K, is also gradually degraded, showing
mixture of states (see Supplemental Material [21]). Li,
shows a similar trend, but its selectivity is much more robust
and is degraded only at much higher, rather impractical
pump levels. () Conversely, as the pump is reduced towards
threshold, the main oscillation is pushed towards longer
times, until eventually suppressed by the decoherence
window, and can no longer dump all the excited population
to the target state. The threshold oscillation is, therefore, a
direct result of the available coherence time, and if longer
coherence is assumed, the threshold would be reduced, as,
indeed, observed in our simulations.

To explain the above properties, we consider that, just
like any laser, the coherent Raman oscillator “seeks” the
most efficient channel to dump the excited population.
Because of the coherent pumping, the oscillator can exploit
coherent population transfer which the standard laser
cannot (e.g., a z# pulse). Specifically, by extending the
coherent transfer over a longer time, a complete dump
transfer can be achieved with a lower overall dump energy,
just like in a simple two-level system, where the energy
required for a z pulse is inversely proportional to its
duration. Thus, near threshold, where the available energy
for the dump is low, a long coherent train (limited by
decoherence) develops. As the pump is increased above
threshold, the available dump energy increases, and the
population can be dumped faster.

The molecular dynamics, however, is far richer than that
of a two-level system, and both the excited and the target
states are generally time dependent wave packets that
vibrate on two different potentials. Thus, in order for a
coherent transfer to occur over many vibrational periods,
some form of a dynamical relation must be met: One option
is that the two wave packets will vibrate “in unison,”
allowing a dynamic coherent transfer “as they move.” Since
the two wave packets have different vibrational periods, the
duration of such a dynamic transfer is inherently limited by
the vibrational frequency difference between the two
potentials 74, < 1/(v, —v,). Prolonging the coherent
transfer beyond 74y, is only possible if the dynamics of
the target state can be “frozen,” such that it remains
stationary over the entire transfer, i.e., have it as an
eigenstate of the target potential. Thus, near threshold,
where the transfer is slow, the oscillator tends to select a
single target state, whereas far above threshold, where the
transfer duration is shortened, dynamical transfer is allowed
and the selectivity of the target state is reduced.

Eventually, the coherent transfer duration is limited by
the available coherence time 7,. Consequently, to populate
a single target state, it is necessary that 7', be long enough
to allow target state selectivity, i.e., T, > 1/(v, —v;). This
can explain the differences between Li,, K,, and Rb, in
target selectivity: The coherence time in our simulation was
fixed at T, =25 ps. For the light Li,, the vibrational
frequencies (and their differences) are high, so the selec-
tivity criterion is well met. K, is heavier, and therefore, the
requirement is only marginally fulfilled, yet good selec-
tivity can be obtained near threshold. Rb,, on the other
hand, is too heavy and falls short of this criterion. If the
coherence time in the experiment were longer, K, and Rb,
could also show high selectivity, in addition to a reduced
threshold.

To calculate the threshold, it is now necessary to estimate
the homogeneous coherence time 7, in the vapor cell,
dictated by the collisional pressure broadening, and the
available density for coherent gain, affected by the inho-
mogeneous distribution of rotational states. Since the
pressure broadening for collisions of the molecules with
the surrounding atoms (and buffer gas, if added) is of order
100 MHz/Torr, T, > 100 ps is easily achievable at atomic
pressures up to 10 Torr. For inhomogeneous broadening,
the major limitation is due to rotations, which are thermally
populated up to J =~ 100. The optical emission frequency of
each J state is slightly shifted due to the difference in
rotational constants between the ground and excited poten-
tials, effectively dividing the molecular medium into
independent coherent clusters (J states), which experience
gain at slightly different frequencies. Near threshold, only
the most populated clusters can oscillate, reducing the
density available for gain to 1.5%-5% of the total density.
With these considerations, the threshold for K, medium in a
cavity with 1% loss is estimated to require molecular
density of 103 ¢cm™ in a cell length of 5-10 cm,
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pumped by ~500 mW at 50 MHz repetition rate (see
Supplemental Material [21] for detailed decoherence con-
siderations and threshold estimation).

The selective and efficient dumping to a single state is
important since it enables unique reconstruction of the
excited wave-packet dynamics from the emitted field.
Specifically, spectral analysis of the emitted field fully
reflects the vibrational structure of the excited potential
(including phase), as detailed in the (see Supplemental
Material [21]. We do not view the Raman oscillator as a
new method for efficiently transferring population between
ground levels, since it is rather complicated, and since
other well established, robust, and efficient methods exist
for population transfer between ground states, such as
stimulated Raman adiabatic passage [46].

To conclude, a coherent Raman oscillator that amplifies
emission from a coherently excited wave packet, appears
within experimental reach. If realized, this oscillator can
open a window to explore molecular coherent dynamics by
amplifying the emitted signal per molecule by several
orders of magnitude. The unique effects of mode competi-
tion between different coherent transfer possibilities in such
an oscillator are of great interest.
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