Soviet-era science, translated into English

A GAS LASER BASED
ON MOLECULAR IONS

PHYSICS
1968

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items,/ru-196801.47059

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.


https://sovietrxiv.org/items/ru-196801.47059

Abstract

Full Text
UDC 537.568
PHYSICS

B. M. SMIRNOV

A GAS LASER BASED ON MOLECULAR
IONS

(Presented by Academician M. A. Leontovich, April 9, 1968)

1. Of practical importance is the creation of a laser that generates short-
wavelength photons. In the present work a scheme is proposed for such a laser,
operating on transitions between the ground state and a resonantly excited state
of an inert-gas atom.

Let us consider a mixture of inert gases at not very low pressures, such that
the ions formed in such a gas are molecular. The mechanism of recombina-
tion of molecular ions and electrons has been discussed in sufficient detail in
the literature () and consists of the following. An electron is captured by a
molecular ion, so that the electronic state of the molecule formed, at the given
internuclear separation, is autoionizing. The nuclei then fly apart, and in doing
so reach internuclear separations at which the term of the molecular state under
consideration intersects the term of the molecular ion, i.e., the boundary of the
continuous spectrum. At larger internuclear separations the electronic state of
the molecule under consideration ceases to be autoionizing, and if it has not had
time to decay into an electron and an ion before the intersection separation has
been reached, then the molecule dissociates into two atoms (a molecule and an
atom), with one of the atoms formed being in an excited state.

Since the interaction potential of an excited atom with an atom is smaller than
the interaction potential of an ion with an atom, the binding energy of the
valence electron in the excited atom formed upon recombination of an electron
and a molecular ion only slightly exceeds the dissociation energy of the molecular
ion. The dissociation energy of the molecular ion is much smaller than the
ionization potential of the atoms. Thus, recombination of an electron and a
molecular ion leads to the formation of excited atoms that are in certain excited
states. The number of these states is very limited, which is connected with the
small number of autoionizing states of the molecule into which the electron can
be captured. One of these states may be chosen as the upper level of the laser.

2. Let us determine the operating conditions of the laser under consideration.
Let the density of atoms in the upper level of the laser transition be N,, and in
the lower level of the laser transition IV,, with the transition to the lower state
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occurring as a result of radiation whose frequency is 1/7. Atoms in the lower
state are destroyed as a result of reactions with gas particles, the frequency of
such transitions being v. Under these conditions the balance equation for atoms
in the lower state has the form

AN, /dt = N, /7 — Nyv.

Hence, in the stationary case we obtain the condition for laser operation (N, >
N,), assuming that the statistical weights of the atoms in the upper and lower
states are equal to unity:

vr > 1. (1)

Thus, the rate at which the lower state enters the chemical reaction must exceed
the probability per unit time of radiation from the upper state.

3. In our opinion, an important advantage of the type of laser under consider-
ation is that it makes it possible to create an inverted population at highly
excited levels and to generate ultraviolet radiation. We shall consider one
variant of the proposed laser, which operates on transitions between the
ground and resonantly excited states of an atom. For example, an inert gas
can be used as impurity atoms. Then the energy of the generated photons
will exceed 10 eV, so that such a laser is of great practical interest.

Table 1

Molecular

ion He; Nej Ard Kry Xeg
Dissociation — 2.24 (%) 1.4 (3) 1.1 (%) 1.13 (°) 1.0 ()
energy,

eV

Ionization 24.59 21.56 15.76 14.0 12.1
poten-

tial of

the

atom,

eV

Table 1 gives the dissociation energies of molecular ions of inert gases and,
for comparison, the ionization potentials of the corresponding atoms. From it
one may conclude that recombination of electrons and molecular ions produces
strongly excited atoms. In order to determine the probability of formation of a
given excited state, a detailed spectroscopic analysis of the given plasma would
have to be carried out. In this respect some information has been obtained for
helium plasma.
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It has been shown (, 7) that in a decaying helium plasma the density of excited
states with ionization energy 0.3-1.5 eV is proportional to the square of the
electron density, i.e., these excited states are formed as a result of recombination
of an electron and a molecular ion. Under several other conditions recombination
of an electron and a molecular ion leads mainly to the appearance of an excited
helium atom in the 33 P state (ionization energy 1.47 eV). The data concerning
plasmas of other inert gases (3, ?) are much less complete, but they indicate
the important role of the recombination mechanism under consideration in the
distribution of excited atoms over states. Because of the lack of information we
cannot determine which resonantly excited state of the atom corresponds to the
upper level of the laser transition; a rough estimate gives that the ionization
energy of this atom is of the order of the dissociation energy of the molecular
ion.

The density of resonantly excited atoms is much smaller than the density of
atoms in the ground state. Therefore generation can be obtained only on the
wing of a line.* In this connection it should be taken into account that the
atoms formed as a result of dissociative recombination possess kinetic energy
of the order of the dissociation energy of the molecular ion. This follows from
the recombination mechanism and is confirmed experimentally (for example, in
the work of Connor and Biondi (®) for neon plasma). Atoms in the ground
state correspond to a Maxwellian velocity distribution function. Therefore a
necessary condition for the creation of an inverted population, corresponding to
atomic velocities equal to the mean velocities of the separating atoms, is

/T >InNy/N,, (2)

where € is the mean energy of the separating atoms; T is the gas temperature;
Ny, N, are the densities of atoms in the ground and resonantly excited states,
respectively. We shall show that in the real case this condition is fully satisfied.
Let us determine the density of excited atoms of an inert gas

* Such lasers, operating on the wing of a spectral line, have been discussed more
than once in the literature (19).

from the balance equation

NeNia - NONb<vaion> = Oa

where a realistic value for the recombination coeflicient «, leading to the for-
mation of an atom in the given excited state, is a ~ 1078 cm3 /s, the collision
velocity of atoms is v ~ 105 cm/s, and the cross section for associative ioniza-
tion o, in collisions of atoms in the ground and excited states is ~ 107® cm?.
Let us take N, ~ 10*® cm™3 and the density of charged particles in the plasma
N, = N; ~ 10* ecm™3. Then we obtain N, ~ 108 cm~3, i.e., condition (2)
gives €/T > 20. Since the mean energy of the separating atoms is € ~ 1 eV, we
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can create a population inversion at room temperatures, and it is within our
capabilities also to lower the gas temperature.

Thus, we are able to create a population inversion on the resonance lines of
atoms for certain atomic velocities. A resonantly excited atom is stopped as a
result of transfer of excitation after its collision with an identical atom in the
ground state. The cross section of this process is equal to (V)

Uper = 2'267T|(Da:>0b|2/ﬁva

where (D, ), is the matrix element of the dipole moment of the atom, taken
between the ground and resonantly excited atomic states. The process of ex-
citation transfer creates fast atoms in the ground state, which can lead to the
destruction of the population inversion. Therefore, the operating condition for
the type of laser under consideration is

TUpey < 1, (3)
where 1/7 is the radiation frequency, and v, = Ny - 2.267|(D,)q,|*/h is the
excitation-transfer frequency. Condition (3) gives, for the density of atoms in
the ground state,

NoA® < 1, (4)

where 27 is the wavelength of the emitted photon.

Let us take condition (1) into account. The frequency v corresponds to the
slowing down of fast atoms in the ground state that were formed as a result of
de-excitation of excited atoms. These atoms are slowed as a result of elastic
collisions with gas atoms, and the cross section of an elastic collision o, which
is of the order of the atomic cross section, is much smaller than the excitation-
transfer cross section. It follows from this that conditions (1) and (3) prove
incompatible if we want to obtain a population inversion in a one-component
gas. A population inversion is possible only in a two-component system, with
the inversion being created on impurity atoms. According to conditions (1) and
(3), the densities of atoms of the main gas N, and of impurity atoms N, must
be in the ratio

Ng/NO > <v0per>/<vo—el>7 (5)

where the averaging is over the Maxwellian distribution of atoms.

If, as the amplifying medium, one chooses an inert gas consisting of atoms A
with an admixture of atoms B, then in such a system molecular ions of the type
A}, ABT, or By can be formed, and, by changing the conditions, we can achieve
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predominance of ions of a definite kind. To create a population inversion it is
more convenient to use recombination of the molecular ion ABT than of the
ion Bj. Indeed, upon recombination of an electron and the molecular ion By,
two fast atoms with identical kinetic energy are formed, one of which is in the
excited state and the other in the ground state; i.e., the state of one of them
corresponds to the upper laser level, and the state of the other to the lower
one. It is possible that this still will not preclude the possibility of creating a
population inversion, since the law governing the slowing of atoms in the ground
and excited states is different. However, the circumstance indicated significantly
complicates the creation of an invers-

population as a result of recombination of Bj ions. In the recombination of
ABT ions, no such difficulty arises.

It is possible that a laser of this type is better suited for operation in a pulsed
regime, since it is then easier to maintain a low gas temperature, which is
necessary for the formation of molecular ions, and it is also possible to vary
the mean electron energy more freely, i.e., to obtain more varied conditions. In
the steady-state regime, the mean electron energy can be reduced by adding a
molecular gas.
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