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An analytical analysis of continuous wave (CW) optically pumped molecular lasers with small quantum
defect is presented. The results show the conditions under which lasing with small Stokes shifts are pos-
sible. The general results are applied to HCN as an example gas. The predictions from the analytical
approach are in good quantitative agreement with numerical calculations. The effective vibrational life-

times and rotational relaxation rates of the molecule determine the principal behavior of such lasers.
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High overall laser efficiencies are possible for long interaction length of pump laser and gas media, which
for example can be achieved in waveguide structures. This makes such lasers potentially interesting for
coherently combining the output of mutually incoherent fiber and or diode lasers.
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1. Introduction

Since their first demonstration [1,2] optically pumped atomic
vapor lasers have gained a great deal of interest as a potential tool
to coherently combine the output of mutually incoherent fiber and
or diode lasers. Such applications have become attractive after high
power diode and fiber sources were successfully spectrally nar-
rowed to a few GHz and below, which is necessary in order to
match to the width of the absorption transition of the alkali metal
vapors. The quantum efficiency of these three-level lasers is extre-
mely high, for example 98% for Rb and 95% for Cs, enabling large
laser slope efficiencies and overall efficiencies. Diode pumped alka-
li lasers (DPALs) lasers with slope efficiencies exceeding 80% (Cs)
[3] and 70% (Rb) [4] have been reported. As with most optically
pumped lasers, the beam profile and spectral brightness can also
be improved considerably when comparing the pump laser (s) to
the output of the atomic vapor laser, and several mutually incoher-
ent pump sources can be employed. This was demonstrated with
an Rb laser pumped by two laser diodes [5].

Optically pumped molecular lasers (OPMLs) have typically been
excited by vibrational overtone transitions producing laser output
radiation with large Stokes shifts [6-9]. In diatomic molecules the
laser frequency is roughly an integer fraction of the pump fre-
quency. When compared to atomic vapors, molecules have addi-
tional degrees of freedom, which create relaxation pathways that
can channel excitation energy away from the desired laser transi-
tion. In diatomic molecules collision induced energy transfer
among rotational states and vibrational relaxation can represent
such competing energy dissipation pathways. In tri-atomic gas
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molecules lasing with large Stokes shifts has been observed on
transitions between the pumped level and a vibrational level other
than the ground state [10,11].

To use OPMLs in a similar fashion as alkali vapor lasers, that is
with a very small quantum defect, lasing has to occur between the
pumped vibrational level and the vibrational ground state. Such
molecular lasers have a number of attractive features. They can
be operated at room temperature, and a certain amount of
frequency tunability exists owing to the multitude of possible
vibration-rotation transitions. A review of theoretical and the
experimental work related to this concept for diatomic molecules
and polyatomic molecules can be found in reference [12]. How-
ever, only cases were considered where the relaxation between ex-
cited state and ground state does not involve intermediate levels,
restricting the applicability of the conclusions drawn.

In this contribution we analyze theoretically the potential of
continuous wave (CW) molecular lasers operating on vibration-
rotation transitions with small quantum defect for a broader class
of molecules and transitions by allowing for the existence of an
intermediate state. The analysis applies to any optically pumped
molecular laser with small quantum defect. This includes poly-
atomic molecules where lasing can occur between a combination
state or overtone state and the ground state. The model also de-
scribes diatomic molecules where relaxation back to the ground
state involves intermediate levels because of vibrational ladder
climbing.

We evaluate an OPML subject to some simplifying assumptions
analytically and then use a computer model to test these results
under more realistic conditions using the molecular parameters
of HCN (as far as they are known) as an example. HCN, C;H, and
HI are attractive OPML candidates because they have absorption
bands that coincide with the emission of C-band fiber lasers in
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the 1.5 pm [13-15] region suggesting laser output in the eye-safe
spectral region. The necessary long interaction lengths between
the active gas and high pump intensities can in principle be real-
ized using hollow fibers which have been used for example for sat-
urated absorption spectroscopy with C;H; [16] and for stimulated
Raman scattering in H, [17].

2. Laser model
2.1. Analytical model

A schematic energy level diagram of the molecules to be consid-
ered is shown in Fig. 1. The pump laser excites a transition between
a rotational level (rotational quantum number J) of the vibrational
ground state |o) and a rotational level with quantum number
J =]+ AJ of an excited vibrational level |e) (AJ = +1 for an R and
P transition, respectively). The molecule can relax back to the
vibrational ground state via an intermediate state |i). The time T,
represents a characteristic time for collision induced vibrational
relaxation back to the ground state if an intermediate state |i) is
not occupied, that is 7, = 0. In general, other vibrational states
can be involved in the relaxation paths shown in Fig. 1 with the
two effective time constants being a simple representation of this
situation. Such relaxation paths can include intermediate vibra-
tional states that are located energetically between |e) and |o)
and states with energies higher than |e) (vibrational ladder
climbing).

For an analytical approach let us first assume that rotational
relaxation within one vibrational state is fast so that at all times
a thermalized rotational population in |o) and |e) exists. The occu-
pation numbers in a certain rotational state J at temperature T are
thus given by
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where S, = 37, (2] + 1)e~foel) with §,,(J) = E,./(ksT). For a simple
diatomic or linear molecule the rotational energy relative to the
rotational ground state of the respective vibrational level
Eoe = hzj(] + 1)/(2I) where I is the moment of inertia, N, . is the to-
tal population density in the vibrational states, and kg is the Boltz-
mann constant.

The gain coefficient for a transition from |e, j) to |o,j + Aj) can be
written as
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Fig. 1. Simplified molecular energy level diagram. o) and |e) denote vibrational
states with rotational manifolds that in thermal equilibrium are populated
according to a Boltzmann’s distribution. |i) can represent an ensemble of states
that participate in the relaxation of the excited vibrational state |e) to the ground
state |0). 7. and 7, are effective relaxation times indicating how fast |e) is
depopulated and |o) populated.
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where g is the gain cross section. The occupation numbers needed

to calculate g can be obtained from Eq. (1). The rate equations for
the total occupation numbers in steady state are
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where Ay = f,(J) — f.(J +AJ), and the pump rate (photons/s)
R, = ¢, 0y is the product of the pump photon flux and the absorp-
tion cross section.

Assuming S, = S, = S, the gain coefficient becomes:
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where A:Bej = Be(J) — BoU + AJ).

From Eq. (4) it is obvious that positive gain can occur only if
Q = APy + Ap,; < 0. This means that the laser photon energy must
be smaller than the pump photon energy. The condition:
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Q= —% (Aﬁ + 2N + A + AP+ 20A] + Aj)/kBT <0, (5)
determines which combinations of pump and lasing transitions are
not possible for lasing to occur independent of the pump rate and
relaxation parameters. For example, excitation of a P-line transition
and lasing on a R-line transition would result in Q > 0, which
according to Eq. (4) does not permit positive gain.

To include the lasing process from state |e,j) to state |o,j + Aj)
we can add to Eq. (3a) a term:
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where R, = 0j¢, is the product of the laser emission cross section oj
and the laser photon flux ¢,;. The rate equation for ¢, after steady
state has been reached can be written as,

where 7. is the photon cavity lifetime, L is the cavity length and L, is
the length of the gain medium. The cavity lifetime 7. =2L/c/
[—In(1 - Lf) — In(Ry)] is determined by the reflectance R, of the
outcoupler and the combined other linear losses per roundtrip, Ly.

Note that to force this one-mode laser operation on the transi-
tion from j to j + Aj, if necessary, a suitable spectral filter can be
placed in the cavity preventing all other lasing transitions. In stea-
dy state the gain coefficient equals the cavity loss coefficient:
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Eqgs. (8) and (3a) with the addition of the laser term Eq. (6) yield
the steady-state laser output:
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where h is the Plank constant, v; is the laser frequency and A is the
cross section of the laser beam which is assumed to be the same as
the pump beam cross section:
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