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ABSTRACT

We experimentally demonstrate the existence of long-lived coherent polarizations coupling simultaneously ground state X (X*%;) to excited
states A (AT1,) and B (B>Z}) of N} inside a plasma created by a short intense laser pulse at 800 nm. This three-level V-scheme arrangement
is responsible for a strong optical gain without population inversion at the B-X transition at 391.4 nm. Simulations based on Maxwell-Bloch
equations reproduce well the kinetics and the pressure dependence of the gain.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5116898

I. INTRODUCTION

When two electronic levels |1) and |2) in an atomic or molec-
ular system are simultaneously coupled by two coherent light fields
to a common level |3), the corresponding amplitudes of transition
probability can interfere. This leads to spectacular and counterin-
tuitive effects such as electromagnetically induced transparency,’
the disappearance of spontaneous emission,” or the possibility
of amplification without population inversion.”” While the first
two effects are well documented, there are few experiments so far
demonstrating lasing without population inversion.” ” In this work,
we report on the occurrence of such a lasing without population
inversion in a weakly ionized gas of nitrogen molecules.

The underdense plasma is created by an intense near infrared
femtosecond laser pulse. It shows remarkable cavity-free forward
lasing at 391.4 or 427.8 nm.'”*' These wavelengths correspond to
transitions between the excited state B (B, 0) and ground state
X (XZZ'g*, 0, 1) of the singly ionized nitrogen molecule, where index
0, 1 refer to the vibrational levels. Despite a considerable amount
of publications, interpretation of this cavity-free lasing is still

APL Photon. 4, 110807 (2019); doi: 10.1063/1.5116898
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controversial. Several noteworthy effects have been observed at
low pressures. A femtosecond seed pulse at wavelength 391.4 or
427.8 nm crossing a 1 cm long plasma produced by an 800 nm
femtosecond pump pulse experiences an increase of energy by two
orders of magnitude.'”'® Measurements of the amplified emission as
a function of delay At between the pump and the UV seed pulse show
that the onset of amplification occurs at At = 0 and then decreases
with a time constant of ~10 ps.'”'* Most surprisingly, time-resolved
measurements of the 391.4 nm amplified emission at fixed delay
At = 1 ps show that the seed pulse itself is practically unaffected
when crossing the plasma. Instead, it triggers a retarded emission
at the same wavelength, with a delay that decreases with increasing
gas pressure. " Retarded emission at 391.4 nm, although weaker,
is observed even in the absence of any seed pulse. In this case, the
forward emission intensity shows a remarkable sensitivity to the
pump pulse duration and wavelength:'” rapid cyclic variations are
observed in a small range of tuning of the pump pulse wavelength
around 800 nm, with a cycle that depends on pulse duration. Finally,
the forward emission intensity at 391.4 nm (measured in the absence

4, 110807-1
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of a seed) depends on the pump pulse ellipticity. Starting with a lin-
early polarized pump, it first slightly increases with ellipticity ¢ until
it reaches a maximum around ¢ ~ 0.2, at which point it decreases and
disappears above & ~ 0.4.""

Two aspects of the results are particularly challenging to
explain. First, how is optical amplification between levels B and
X obtained under the given pumping conditions? Second, how
can one explain a delayed amplified emission? Two categories
of theoretical models or interpretations have been proposed, but
they do not address these two questions simultaneously. One
type of model concentrates on an explanation of amplification
based on population inversion between B and X but ignores
the delayed aspect of amplification and its pressure dependence.
Either inversion of electronic population due to storage of popu-
lation in intermediate level A'”'® or transient inversion of rota-
tional populations without inversion of electronic populations'’ has
been proposed. Another interpretation attributes the delayed emis-
sion to super-radiance but fails to explain the origin of optical
amplification.'”'***
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Il. RESULTS AND DISCUSSION

We show in this paper that it is possible to give a consis-
tent interpretation of the experimental facts described above by
introducing a three level (V-scheme) arrangement leading to las-
ing without population inversion. Figure 1 shows how such a
V-scheme is realized in N3. To validate such a V-scheme, it is
necessary to demonstrate the presence of the long-lived coherent
polarizations coupling quasiresonantly the state X to the state B
and the intermediate state A (A’I1,) of the molecular ion after the
end of the pump pulse. We have obtained experimental evidence
for these coherent couplings lasting for the duration of the gain in
the following manner: we injected a second, 10 times weaker fem-
tosecond pulse at 800 nm after the main 800 nm pump pulse and
measured the intensity of the forward gain at 391.4 nm as a func-
tion of the delay between the two input pulses. The experimental
setup is schematically presented in Fig. 2(a). A pronounced mod-
ulation of the signal was observed by fine tuning the delay around
several fixed values up to 5 ps. For instance, Fig. 3(a) shows the

FIG. 1. (a) Schematic representation of relevant energy lev-
els of nitrogen molecules as the function of internuclear
distance Q: X! Xy refers to the ground state of the neu-
tral molecule, X*%7, AT1,,, B*Z} to the first three levels of
the singly ionized molecule. (b) Schematic representation of
the V-scheme. Ascending arrows represent the pump pulse
and descending arrows the emitted pulse.

FIG. 2. (a) Two successive pulses at
800 nm with typical energy of 2 and 0.1

== == mJ and 40 fs pulse duration are focused

with a f = 40 cm lens in a chamber filled
with nitrogen gas at a pressure of 8 mbar.
(b) Two seeding pulses around 391 nm
with an adjustable time delay are injected

into the nitrogen gas plasma formed by
the 800 nm pump pulse. The output sig-
nal around 391 nm is detected as a func-
tion of fine tuning of time delay between
the two 800 nm pulses in (a) and as a

function of the time delay between the

control pu/I{lp lens gas chamber le?s filter
- m m detector
A f— o«
il R —
u ' —
(b)
seed, seed purmp .
N W -
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two seeding pulses in (b).
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3 ps. The Fourier transform of the modulation yields a wavelength
of 780.5 nm shown in Fig. 3(c), close to the R branch of the
X(0)-A(2) transition at 782.6 nm [see Fig. 1(b)]. Since the time sep-
aration between the two laser pulses largely exceeds their duration,
the interference pattern provides evidence of a long lasting coherent
polarization induced by the first pulse. A similar experiment involv-
ing two seed pulses at 391 nm [see the setup in Fig. 2(b)] reveals the
existence of a long-lived coherent polarization at 391.4 nm, corre-
sponding to the B(0)-X(0) transition, as also shown in Figs. 3(b) and
3(d).”

The theoretical model of amplified emission at 391.4 nm con-
siders three levels of N3 molecules, X(0), A(2), and B(0), coupled by
two electromagnetic fields corresponding to X-A and X-B transi-
tions. Following the approach of Svidzinsky et al.,” we have calcu-
lated the signal amplification of a seed pulse at 391.4 nm by solving
the Maxwell-Bloch equations for the three level system B-X-A in the
envelope approximation. This modeling is different from the previ-
ous theoretical considerations'”'° as it considers amplification times
100 times longer than the pump pulse and centimeter-size amplifi-
cation lengths, and no population inversion between the B and X
states is assumed. The equations for the electric field amplitudes Eax
and Eyy, the polarization amplitudes pax, pbx, Pba> and the popula-
tions n,, 1y, and ny corresponding to the A-X and B-X transitions
read as follows:

2
waxNi‘uax

an:' X>
COZ8 2y 1 heo Pa

. . 1
OrPax = —YaxPax — %(”a = 1x) Qax — %P;aﬂbx»
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6Qx:.4 X
COz3 2y, [ heo Pb

i i
OrPbx = —YbxPbx — 3 (np — 1x) Qpx — EPbaan)

Oty = —Im(p:xﬂax), Oty = —Im(p;Xbe),
DrPra = ~YbaPra + %pLbe - %Pbe;x-

Here, the terms y; describe the spontaneous decay rates of the
excited states, Qux by = HaxbxFaxbx/F are the corresponding Rabi fre-
quencies, T = t — z/c is the co-propagation time, % is the Planck
constant, € is the dielectric permittivity of vacuum, gax and p,x are
the dipole moments corresponding to A-X and B-X transitions,” "’
and N; is the density of molecular ions. The last terms in Egs. (1)
and (2) account for the quantum interference between states A and
B via the cross-polarization py,,. The two following conditions are
assumed in the simulations: (i) 100 fs after the peak of the main laser
pulse (considered as ¢t = 0 in the simulation), the system contains
10% of N3 ions, which are distributed between the ground and exited
states as follows: a relative population of 60% in the ground state X,
30% in the excited state B, and 10% in the excited state A; (ii) the
measured long-lived polarization at 780.5 nm is maintained by the
decaying tail of the pump pulse slightly detuned from the R branch
of the A(2)-X(0) transition at 782.6 nm.

The choice of distribution of ions between three levels is moti-
vated by the analysis of excitation probabilities of N3 ions by the
main laser pulse. The presence of a weak exponential post-pulse
decaying on a time scale of 5 ps was confirmed by measure-
ments with a high contrast cross-correlator shown in Fig. 4. Such a

4,110807-3
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266nm signal intensity (a.u.)

FIG. 4. Measurement of the contrast of the femtosecond
laser system employed with a third order cross correlator
(Sequoia, Amplitude Ltd.).

T T T
-15.0 -10.0 -5.0 0.0 5.0 10.0
delay (ps)

postpulse is common in Ti: Sapphire laser systems based on chirped
pulse amplification technology.”® This tail is approximated in the
simulations by an exponential decay with a time constant T, = 5 ps
and an initial intensity ~30 GW/cm®. A short and weak seed pulse at
391 nm arrives 0.5 ps after the main pulse. Its intensity is 1000 times
smaller than the post-pulse intensity, and its duration is 0.1 ps. While
varying the gas pressure, we assume a constant ionization at the level
of 10%.

Results of simulations, shown in Fig. 5, indicate that the seed
pulse at 391.4 nm triggers a strong delayed amplified emission at
the same wavelength provided the condition nx > np > n, is satis-
fied. That amplification is due to parametric coupling between the
B and A levels by the cross-polarization term in Egs. (1) and (2).
It is also known in the literature under the name of the two-photon
Raman effect.””** Following Refs. 5-7, we prefer to call it lasing with-
out population inversion to stress the fact that the initial state of
the amplified transition B is less populated than the final state X.
The measured and calculated amplified pulse in Fig. 5 shows good
agreement in the temporal shape and duration.

A better insight in the amplification process could be gained
by considering the evolution of populations in the states A, B, and
X displayed in Fig. 6 along with the intensity of 391.4 nm emis-
sion. One can see relaxation oscillations between levels A and X
at a Rabi frequency, increase of the population at the level A, and
the correspondent decrease of the population at the levels B and
X. During the whole process, the population of B state is less than
30%, while that of X state varies between 60% and 35%. We notice
that no population inversion between B and X occurs during the
whole lasing process. The parametric coupling between B and A
states leads to an exponential signal growth at 391 nm with a char-
acteristic time of a few picoseconds. The growth rate of the sig-
nal is proportional to the population difference between levels B
and A and the amplitude of the laser post-pulse. Amplification
proceeds efficiently if the detuning of the long lasting polarization
from the A-X resonance is smaller than the corresponding Rabi
frequency.

Besides reproducing the delayed amplification and the pulse
shape, the simulations restitute the measured dependence of lasing
on gas pressure in the range p = 5-100 mbar, as shown in Fig. 6. In
the current simulations, we neglected the possible variation of the
pump laser intensity and the plasma length for different gas pres-
sures, in order to keep the simplicity of the calculation. This can
be the reason for the slight discrepancy in the optimum pressure
between experiments and simulations in Fig. 7. As will be discussed

APL Photon. 4, 110807 (2019); doi: 10.1063/1.5116898
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15.0

in a more detailed forthcoming paper, the increase of gain at pres-
sures lower than 30-40 mbar is explained by the increasing number
of excited ions. The reduction of gain at higher pressures is due to
a post-pulse-induced transition from level X to level A. That pro-
cess progressively depletes the pump and destroys the amplification
condition ny, > n,.

~ 9T ' '
=] — Lasing at 391.4 nm
S — Seed only
= el ]
S 6
)
B2
)
£ 3 :
=
S
5 (a)
= 0¥ . .
0 5 10 15
time (ps)
91 . ;
= — Lasing at 391.4 nm
S —— Seed only
S 6 -
)
B2
)
£ '
=
= (b)
<
U 0_ T T T A
0 5 10 15

time (ps)

FIG. 5. Comparison between amplified seed signal forms obtained from experi-
ment (a) and simulation (b) for nitrogen gas pressure p = 30 mbar and a plasma
length of 8 mm. Simulations are performed with following parameters: gas ioniza-
tion 10%, initial populations at levels A and B: 10% and 30%, respectively, pump
fluence: 20 mJ/cm?, and post pulse decay time 5 ps. Time ¢ = 0 corresponds to the
end of the main pulse.
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Other experimental facts support the interpretation of amplifi-
cation based on the three-level coupling without population inver-
sion between B and X. Gain is expected to disappear if the pump
wavelength is largely detuned from the required A-X resonance.
Indeed, no amplification is found for a pump pulse tuned to the mid
IR, except if the pump laser wavelength corresponds to a submultiple
of the B-X transition. In that case, enhanced emission at 391.4 nm
is observed but with different characteristics: the enhanced emis-
sion starts immediately without delay, and no amplification upon the
injection of a seed pulse is observed. This mid IR-induced emission
at 391.4 nm has been attributed to resonantly enhanced third and

fifth harmonics.”” On the other hand, the V-scheme predicts the pos-
sibility of lasing without population inversion using a short pump
pulse tuned around 1.1 gm. The V-coupling would then correspond
to the B(0)-X(0)-A(0) scheme shown in Fig. 2(b).

The model of three levels coupled by a laser post-pulse also
sheds light on the origin of gain in the absence of a seed pulse that

1.0+ N e Simulation
-~ ® ;
5 03 = Experiment
<
N—
=
S 0.6+ B
2D
vl
on 04 8
£
& 0.2- .
—
0.0+ T T T T BREE 2
0 20 40 60 80 100

pressure (mbar)

FIG. 7. Comparison between the amplified seed signal obtained from experiments
and simulations as a function of gas pressure. Simulation parameters are the same
as in Fig. 5. The pump laser pulse with 2 mJ energy and 40 fs duration is focused

with a lens of focal distance f = 25 cm.
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f'A state

FIG. 6. Calculated evolution of popula-
tions in X, A, B, and intensity of signal
Ipx in function of copropagation time and
plasma distance for a nitrogen pressure
of 30 mbar. The populations are imposed
att=0. Other parameters are as in Fig. 4
in the main text.

Populatiop

was reported in Ref. 17. In that case, the X-B coherence normally
created by the seed pulse is replaced by a coherent polarization
induced by recollisions from electrons driven by the pump pulse
field, at twice the pump frequency. In addition, the strong decrease
of the gain upon increasing pump pulse ellipticity (observed in
the absence of a seed pulse) derives naturally from the recollision
model since, with circularly polarized pump light, free elec-
tron trajectories miss the molecular core, preventing recollisions and
therefore suppressing the required coherent polarization between X
and B states.

At this point, we wish to stress that our V-coupling model
applied to Nj is still incomplete. The rotation of the nitrogen molec-
ular ions has to be accounted for. As discussed in Refs. 18-20,
gain may be periodically enhanced due to laser-induced rotation of
molecules. This can lead to a considerable increase of the signal at
specific delays determined by the revivals of rotational packets. As
a final remark, we would like to mention that after the submission
of our manuscript we became aware of other two works reporting
coherent modulation of the 391.4 nm signal with 2.62 fs period by

employing a 800 nm pulse pair for pumping.”*

30,31

lll. CONCLUSION

In conclusion, we have presented evidence for long-lasting
coherences for AX and BX transitions. A three-level model account-
ing for the coupling between those coherences predicts paramet-
ric amplification of the BX transition without population inversion
between these two states. It allows solving a longstanding puzzle, the
emergence of an important delayed optical gain in a gas of nitrogen
molecules or air pumped by a short intense laser pulse at 800 nm.
This provides one of the few known examples of lasing without
population inversion. It could occur in other molecular or atomic
gases when the frequency of a short and intense pump pulse is
in resonance with a transition between levels of ionized atoms or

molecules.

4,110807-5
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