SOVIET PHYSICS JETP

VOLUME 34, NUMBER 1

JANUARY, 1972

DYNAMIC PROCESSES IN A NITROGEN MOLECULAR LASER

I. N. KNYAZEV

Institute of Spectroscopy, USSR Academy of Sciences; P. N. Lebedev Physics Institute, USSR Academy

of Sciences
Submitted January 28, 1971
Zh, Eksp. Teor. Fiz. 61, 72-90 (July, 1971)

Physical processes in an active medium produced during development of the plasma of a powerful
pulsed discharge in a neutral gas are considered. The low-pressure first-positive N, band system
of a laser is investigated quantitatively in experiment. It is shown that the appearance and growth
of inversion population is due to a nonuniform electron excitation of working levels from the ground
state that occurs following a rapid increase of the electron density. With the development of the
plasma, the relative population of the working levels due to collisions between electrons and ex-
cited molecules attains the equilibrium distribution corresponding to the mean electron tempera-
ture. As a result the inversion population gradually disappears. The theoretical analysis is per-
formed analytically for both rarefied and dense homogeneous active media for moderate and ex-
tremely rapid development of the plasma., Under optimal excitation conditions the dynamics of the
active medium is such that the maximal inversion population is independent of the rate of electron
density build-up and is proportional to the gas pressure. In the case of extremely rapid develop-
ment of the plasma in a high-pressure gas, the mean electron energy is initially maximal and
subsequently falls off rather rapidly. Relative stabilization of the electron energy then occurs;
physically this is related to the characteristic break in the plot of ionization coefficient as a func-
tion of electron energy. In this case the electron density increases in an approximately linear
manner. Under optimal excitation conditions the generation pulse duration is much shorter than
the time of flight of the molecules in inelastic intermolecular collisions at gas pressures up to

several tens of atmospheres.

INTRODUCTION

IN the physics of gas lasers there exists an extensive
region characterized by a sharp contrast between our
very weak understanding of the observed phenomena
and a wealth of experimental results. The empirical
data on the existence of inverted population usually
remain in this case without interpretation. This situa-
tion applies to lasers in which the active medium is a
nonstationary nonequilibrium plasma produced on the
front of a powerful pulse discharge in a gas!!™®), If the
experimental conditions are suitably chosen, genera-
tion on atomic, molecular, or ionic transitions can be
produced with practically any substance in which a
pulse discharge can be excited. Generation has been
observed in one-third of all the elements of the
periodic system.

The experimental results have received, at best,
only a qualitative interpretation and have been con-
sidered quantitatively very rarely!*). The formation
of inversion at the start of a strong-current discharge
is usually connected with electronic excitation of the
working levels from the ground state[2*®, A direct
analogy of this inversion-excitation mechanism is the
method of electromagnetic pumping”] in the pulsed
operating regime as proposed for the microwave region
of the spectrum.

The main physical processes occurring in a plasma
are known. In addition, there exist methods suitable
for numerical calculations. However, the data required
in this case concerning the main characteristics of the
atoms and molecules (the effective collision cross sec-
tions and the radiative-transition probabilities) are ap-
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proximate and insufficiently complete. It is therefore
a rather complicated matter to obtain the physical
picture of the processes with the accuracy that is re-
quired in this case by starting from a purely theoreti-
cal analysis. This is particularly true of the pulsed
excitation regime. The theory of the nonstationary low-
temperature plasma has not been sufficiently well de-
veloped. There is no information on the time variation
of the electron density ne and the average electron
energy €. The great variety of working media excludes
the possibility of a sufficiently rigorous general ap-
proach.

Under these conditions, to explain the occurring
processes, it is useful to study a typical laser system.
As a first approximation, it is quite reasonable to use
simplified physical models chosen on the basis of the
conditions in a real plasma.

This paper reports detailed investigations of the
dynamic processes that lead to the occurrence and
collapse of inversion in a molecular nitrogen laser
operating on the first positive (1+) system of bands
(electron transition Brg — A%Z}, A =0.9 1), There is
no meeting of minds concerning the inversion mecha-
nism in this laser. The inversion is attributed to in-
elastic intermolecular collisions 'm[‘], and to excitation
of the working levels by electrons from the ground
state in®°). No quantitative verification of the proposed
inversion mechanisms has been made. A comparison of
theory with experiment is easiest to carry out for the
amplification regime. To this end, measurement of the
gain with a time sweep was undertaken. An approxi-
mate analytic theory of the laser is considered. The
dynamics of the active medium at a high density of the
working gas is discussed.
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FIG. 1. Diagram of experimental setup: 1—discharge-gap ignition
system, 2—rectifier 0 — +50 kV, 3—generator discharge tube, 4—ampli-
fier tube, S—thermocouple pile with galvanometer, 6—monochromator
with diffraction grating and photomultiplier, 7—band lamp with me-
chanical modulator, 8—interchangeable flat mirrors, 9—tube of neon-
helium laser. R = 500 k2, C, = 0.01 uF,C, =0.12 uF, r=0.01 Q.

EXPERIMENTAL PROCEDURE AND MAIN RESULTS

The time dependence of the gain on individual rota-
tional lines of the bands (1, 0) and (2, 1) was measured
by shifting the generator light pulse relative to the
amplifier (see the circuit in Fig. 1). The gain-measure-
ment accuracy, ~10%, was limited mainly by the sta-
bility of the generated-pulse amplitude, and the time
resolution, ~0.2 usec, was determined by the duration
of this pulse. The diameters and lengths of the tubes
(in centimeters) were 0.4 and 80 for the generator and
1.5 and 200 for the amplifier. The population of the
vibrational levels was determined from the relative and
absolute intensities of the integral radiation of the
individual bands. The latter was measured accurate to
~50% with an oscilloscope, by comparison with the
modulated radiation of the calibrated band lamp. The
spontaneous emission was extracted through a side
window sealed into the tube at a distance of 50 cm from
the cathode.

We used in the experiments a discharge tube with
electrodes of thoriated tungsten, filled with specially
purified nitrogen at a pressure 0.8 mm Hg. The exci-
tation-pulse repetition frequency usually did not exceed
0.5 Hz. The employed discharge ensured sufficiently
high stability and reproducibility of the results.

The electron density ng < 10 cm™ was determined
interferometrically using a neon-helium laser at
A =0.63 4, and also using the time-varying contour of
the Hg line of atomic hydrogen (ne 2 10" cm™®). In the
latter case, ~5% hydrogen was added to the nitrogen.
In the concentration region ne ~ 10 ¢m™, the results
of both methods coincide with accuracy ~50%.

The dynamics of the excitation of different bands of
the 1 + system of N, is on the whole analogous. Figures
2—5 show some experimental results for the (1, 0)
band?. The upper and lower states of these bands are
respectively B®llgv’ =1 (B,) and A3ZHv” =0 (A,).
These states, as well as the ground state X'Z5v
= 0 (X,), are also designated by the indices 1, g, and 0.

Up to approximately the instant of cessation of the
inversion t¢, the current density j increases exponen-

DThe experimental conditions for Figs. 2 and 3 are as follows: C =
0.12 uF, V =13.5kV, p = 0.8 mm Hg, discharge length along the tube

axis 2.0 m, distance between electrodes 2.3 m, E/p =74 V/cm=mm Hg, tube

diameter 1.5 cm, excitation pulse repetition frequency ~0.5 Hz. For
Fig. 5 the conditions are the same and the voltage is varied; for Fig. 4,
C = 0.03 uF and the total transmission of the resonator mirrors is ~2%.
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FIG. 2. Dynamics of excitation of inversion on the vibrational trans-
ition v’ = 1 > v’ = 0 of the 1+ system of the N, bands. a—electric field
t
Vv 1 L dl
°o_ 10,

E(t)= — ——rt — —
@ d oCd d dt

(Vo —voltage on tube at the instant t = 0, d—length of discharge gap,
I—current, L—self-inductance of the circuit 2.6 uH); b—density of dis-
charge current; c—electron density, measured by interferometry; d—
gain on the Q,9 line of the (1, 0) band; e—absolute population of the
vibrational level v' = 1 of the B-state; f—rate of population of the B,
level by electrons from the ground state qo; = Ng (04, V)¢ *ng(t) (see
Footnote 2) and rate of change of the population of the B, state

dN, /dt. Solid lines—results of experiment, dashed—calculation. Curves
a and f were plotted by using curves b and e, respectively.

tially with time (Fig. 2b), the argument of the exponen-
tial being ~3 x 10°® sec”™’. The characteristic current
growth time is ~3 X 107" sec. The degree of ionization
of the plasma at the instant t, does not exceed 1%.
During the initial section of the discharge, the popula-
tion of the B, state also increases exponentially

(Fig. 2e) and linearly with the current (Fig. 3). The
rate of excitation of the B, state by electrons from the
ground state qo, = No{ 0o,V )ng is in this case approx-
imately equal to the population growth rate dN,/dt
(Fig. 2f). With further development of the discharge,
Qo; continues to increase and reaches a maximum,
whereas dN,/dt begins to decrease. The maximum of
the gain does not coincide in time with the maximum
population of the upper working state (Figs. 2d, e).

When the voltage is increased, the generation pulse
duration Atg and the instant tpy of maximum intensity
decrease (Fig. 4), the gain plot exhibits saturation, and
the growth of the generation power gradually gives way
to a decrease (Fig. 6). The increase of the generation
power occurs with simultaneous increase of the gas
pressure and of the voltage.

The instant t = 0 on Fig. 2 corresponds to the start
of the strong-current phase of plasma development.
Owing to the low electron density at t < 0 and to the
rapid plasma relaxation, the complicated dynamic
processes during the preliminary stages!!®! which in
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FIG. 3. Population of the B, as a function of the current density.

FIG. 4. Dependence of the instant ofrmaximum intensity ty (@)
and of the relative duration of the generation pulse Atg(O) on the
voltage. Dashed line—calculation. The scale for the parameter E/p is
given to make comparison with calculation convenient.
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FIG. 5. Dependence of the maximum (with respect to time) of the
gain at the Q,9 line of the (1, 0) band on the voltage: a—calculation, b—
measurements.

FIG. 6. Dependence of the generation peak power on the voltage at
different gas pressures (indicated by the numbers at the curves in milli-
meters of mercury). C = 0.01 uF, length of discharge gap 1.3 m, tube
diameter 3.0 cm, pulse repetition frequency 10 Hz, transmission of end
mirror of resonator ~20%.

many respects are still unclear, exert no noticeable
influence on the population of the molecular states.

DISCUSSION OF RESULTS

A. Physical Models of a Pulse Plasma and of the
Population Processes

The time variation of the current density j(t)
= enegVq is determined in the general case by the time
dependence of the electron density and the electron
drift velocity. The electric field in the discharge can
be regarded in this case as approximately uniform(*J,
With the exception of a short initial time interval on
the order of (Veo + Vei) !, the form of the function
vq(t) is determined by the time variation of the elec-
tric field and by the summary effective collision fre-
quency of the electrons with the molecules and the ions,
Veo + Veit'!l. The time dependence of vgo + Vei is con-
nected mainly with the rapid growth of the electron-
ion collision frequency with increasing concentration
of the charged particles. At a low degree of ionization
(for a nitrogen plasma, according to estimates, S 4%),
the influence of the Coulomb collisions is negligibly
small and the drift velocity depends only on the field.
As seen from Fig. 2a, the decrease of the electric
field by the instant t;, owing to the discharge of the

capacitance and the voltage drop on the self-inductance
of the circuit, is negligible and the drift velocity can
therefore be regarded as approximately constant. In
the idealized case at L =0 and C = =, the field E and
the drift velocity vq are strictly constant in time.

At a constant drift velocity, the current density is
j(t) = const *ng(t) and consequently, the characteristic
growth times of the electron density and of the current
coincide. Owing to the ambipolar diffusion on the walls,
the lifetime of the electrons in the case of a diffusion-
type initial electrons distribution over the discharge-
tube cross section'?], 74 = (r/2.4)*/Dy = 2x 107° sec,
is much larger than the characteristic growth time of
the current ~3 X 1077 sec measured in the experiments
(D4 is the coefficient of ambipolar diffusion, r is the
tube radius, and the tube length is much larger than the
radius). Neglecting the terms describing the electron
loss due to diffusion and recombination (Trec = 2
x 107° sec), in the electron-balance equation we obtain
for the electron density ng(t) and the current density
i(t)

n.(t) = n.e*, (1)

j(8) =jee", Jo=nlev,, (2)

where y = No{ Ogiv) = avd, N, is the molecule concen-
tration in the ground state, (Goiv) is the product of
the effective ionization cross section by the electron
velocity, averaged over the velocity distribution of the
electrons, « is the Townsend ionization coefficient,
and nd and j, are the initial electron density and cur-
rent density. The generation is usually observed at

y 2 10% sec™ .

In practice, in the entire time interval t < te, in
which inversion exists, the current growth can be de-
scribed with satisfactory accuracy by formula (2)

(see Fig. 2b). The argument of the exponential current
growth (3.1 X 10% sec™) is then approximately equal to
the product of @ and vg, which are known from'*® ]
(avq = 2.8 x 10° sec™).

The time variation of the average electron energy ¢
at a known ng(t) dependence can be determined from
the electron-energy balance equation. If the electric
field E = E, is ‘‘instantaneously’’ turned on, t = 0, a
constant average electron energy € is established within
the short time interval ~1/(ved +y) (6—average rela-
tive fraction of the energy lost by electrons by collisions
with molecules)!*!!, For E/p S 200 V/cm-mm Hg, only
a neglible fraction ~y/veo,6 < 1 of the energy input to
the plasma is consumed in heating of the newly produced
electrons. The average electron energy is in this case
practically the same as in the case of a stationary
plasma'’®®) and is determined by the parameters E,
Veo and 6. Changes in the gas composition, which can
influence the values of Ve, and & by the instant tp,
are small. Estimates based on the known effective
cross sections for the ionization and excitation of the
molecular states of N,, with ne(t) given in the form
(1), show that the fraction of the ionized molecules and
of the molecules in excited electronic states does not
exceed 5%, and those in the vibrationally-excited states
are S10%.

The analysis of the plasma dynamics, and subse-
quently also the interpretation of the main experimental
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results, is greatly simplified in this case by choosing
the experimental conditions. The cathode processes,
allowance for which in the general form is quite com-
plicated for the real state of the surface layer, have
practically no influence on the dynamics of the strong-
current phase of the d1scharge . The plasma column
is approximately homogeneous[ ] , and the rate of
plasma development is slow. A relatively complete set
of data on the parameters of a low-temperature plasma
in N, including those obtained theoretically on the
basis of the kinetic equation!’®], also facilitates the
analysis.

The experimentally obtained linear relation between
the population of the upper working level and the cur-
rent density (see Fig. 3) indicates electronic excitation
of the levels from the ground state. The de-excitation
of the levels by electrons in the initial instants of time
is small compared with the electronic excitation from
the ground state. It follows then from the equation for
population, with ng(t) and j(t) in the form (1) and (2),
that the population of the upper working level B,, in
accordance with experiment, is proportional to the
current density

No{oo¥)
Tt A ®)

(A is the probability of radiative decay of the level B,).
The slope of the experimental curve in Fig. 3 coincides
with the proportionality coefficient in (3) accurate to a
factor ~2.3. The agreement should be regarded as
satisfactory, recognizing that the effective cross sec-
tion of the electronic excitation of the B state is known
with accuracy ~50% "), Data on the Franck-Condon
factors and on the radiative lifetimes of the B levels
are given in[*®'), The contribution of the radiative
decay from the C 3IIg state, the absolute population of
which was measured in the experiments, to the popula-
tion of the B, state does not exceed 15%. Compared
with the B, level, electronic excitation of the lower
working level A, from the ground state is negligible,
owing to the smallness of the correspondmg Franck-
Condon factor, fx A, =6x 10711®),

The role of electron de- excxtatlon processes in-
creases with increasing population. The rate of growth
of the population of the B, level, dN,/dt, decreases to
zero and becomes subsequently negative, whereas the
rate of the electronic excitation from the ground state
Qo1 reaches a maximum? (see Fig. 2f). Simultaneously,
judging from the decrease of the gain, intensive popula-
tion of the lower working state A, begins.

The measured time dependence of dN,/dt can be
satisfactorily explained quantitatively within the frame-
work of the following simplified population model: the
level B, is excited by electrons from the ground state,
and de-excitation takes place via inelastic collisions

DFor t < t; we have

gos = No{Oo1vdn,(t) =< Mj(t)_
evq
At t ~ t, the relative dependence of qo, was determined more accurately
from the rate of excitation of the C *IIg state of N, (the coefficients
{0 X,B,V and {ox V) depend on the electron energy in approximately
the same manner). This took into account, by the same token, the de-
crease of qo, as a result of the decrease in the voltage.

of the electrons with the nitrogen molecules: N,(B,)
+e — Nz(AV”) +e + A€ with a coefficient (o A V)

= 6.8x 10® cm® sec™ (dashed curve of Fig. 2f). The
value of this coefficient, estimated on the basis of the
Bethe approximation[”] with allowance for the vibra-
tional structure of the B and A states, is 2 x 1078 cm?®
sec™!. (The oscillator strength of the transition is
known from'?'1.) The coefficients {ov) for ionization
from the B, level and for transition to the ground state
are much smaller and amount, according to the esti-
mates, to ~2.3x 10°° cm?® sec™?, and 2.5 % 10° cm?
sec”?, res]pectively. The radiative lifetime Tg of the
B state!**! is much longer than the time of existence
of the inversion, 7 > tc.

No resonant exchange of vibrational energy within
the limits of the excited electronic state occurs within
a time t <tc, owing to the low frequency of the corre-
sponding collisions (S 10° sec™). The considerable
time needed to establish the vibrational relaxation!??
also excludes ‘‘mixing’’ of the populations of the vibra-
tional levels as a result of collisions between the ex-
cited molecules and the molecules in the ground state.

B. Interpretation of the Experimental Results

The dynamics of the inverted population is satisfac-
torily described on the basis of the mechanism of
electronic excitation of the working levels from the
ground state, with account taken of the quenching colli-
sions of the electrons with the excited molecules for
the idealized case of a homogeneous plasma with ex-
ponentially growing electron density and with constant
electron temperature.

In the simplest case, when the electronic excitation
of the upper working level 1 from the ground state 0
(0 — 1) and the quenching electronic collisions (1 — 2)
are taken mto acgount in the population equations, N,
= const, Nl ~ =Nz =0, the development of inversion
proceeds as follows. At the initial instants of time the
population of the upper working level increases
linearly with electron concentratlon and exponentially
in time N; = No{0qv )nee"' /y, while that of the lower
state increases in proportion to the square of the
electron density:

N, = N, {oo¥) n,’ {(O20) n’ £

Y Y

Inversion sets in and increases exponentially for a
certain time, owing to the fact that (o ;v )nd/y < 1
Subsequently, owing to the more rapid decrease of the
population N, compared with N,, the inversion reaches
a maximum at an instant of time tp, and then begins
to decrease.

The dynamics of the active medium is in this case
such that the inversion that is maximal in time

N, {o0v) 148
{o:20) 12
(g, and g, are the statistical weights of levels 1 and 2)
does not depend on the growth rate of the electron con-
centration y, and is proportional to the molecule con-
centration in the ground state. This is connected prin-
cipally with the fact that with increasing y, the value
of t decreases approximately in inverse proportion

to y:

AN, = (1—g,zln ), gu=g|/gz
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and ne(tpg) increases in proportion to y:
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{020) In 812 '
Since the number of excited molecules at the instant tM

Ni(t) = NoConv) [ndt = Ny (o) n(t)

Te(b) = N0 € =

is approximately proportional to the product
ne(tMm)tMm, it follows that N,(tpg) is approximately
equal, apart from logarithmic terms, to
No{0o1v)/{02v), and is independent of y. By the in-
stant of time t)j, the inverse process 2 — 1 comes
into play in addition to the electronic collisions. This
causes the relative population of the working levels to
conform already at the instant tc with the electronic
temperature N,/N,~ g,,exp(—€,,/€), and the inver-
sion stops (€,, is the energy of the working transition).
We present an expression for the inversion popula-
tion AN, = N, - N, g,, with allowance, in the popula-
tion equations, for the electronic excitation of the work-
ing levels from the ground state 0 — 1 and 0 — 2, the
ionization 1 — i and 2 — i, and the quenching colli-
sions 1 —0 and 1 — 2%:

| Rt d U

pem-mamo)b) @

Qo (00 — az+ £12042)
gsz[aoz(al - Clza) + (l;z(lm] ’

AN, = Nagaz ((loz +

oy = {Ou¥) 1.°,

X =

@i =(0HVING, ..., @, = @y + Az + @4, N = e?t,

The average energy of the electrons, and together
with it all the coefficients {(ov) and y, and also N,,
are assumed to be constant, ne(t) takes the form (1),
and N; =0 = NY=° = 0. In the calculation of the coefficients
(ov) for the states 1+ of the system of N, bands, we
used a Maxwellian electron-velocity distribution. The
maximum of the function of the electronic excitation of
the triplet upper working levels is reached at relatively
low electron energies in the region where the deviations
from the Maxwellian distributions are small. The de-
pendence of the quantity (o,;v) on the average electron
energy was calculated by starting from the Bethe ap-
proximation with the effective Gaunt factor!??,

The maximum value of the inverted population

ANy — M{w_u .
oy Aoy
Q2i
Ere [U.M(ai — o)+ ‘112(101] }y §= - ’ (5)
Aoy Qai Ay — Qai
is reached at the instant of time typ;:
1
tM=—ln( Inx,) . (6)
Y Qy — Qi

For a Boltzmann distribution of the molecules over
the vibrational states, with a gas temperature Tg, the

) The processes 1 =i, 2~ 1, 1 = 0, and 0 — 2 are taken into account
for greater generality. For a laser operating on the 1+ system of N, bands
these processes are insignificant under our experimental conditions.

N. KNYAZEV

inversion on the rotational transition By'j’A’
— Ay”j"A", designated J' — J" for short, is

ANy (8) = AN, ) gV’ + )R 2D, (7)
where ANp(t, g1.) takes the form (4) with
Z exp(— e,[kTs)
Z,exp(— es/kTg)

in place of g;.. (gp is the statistical weight of the level
due to the spin of the nucleus, €y is the energy of the
rotational level, Zy is the partition function of the
vibrational state, and gg = 2 is the electronic statisti-
cal weight of the upper working state). The gas tem-
perature rise due to the elastic collisions of the elec-
trons and of the ions with the molecules does not ex-
ceed ~50°C at the instant ty. The gas temperature

, determined by measuring the relative gain on the
lines of the Q; branch of the (1, 0) band, is ~360°K.

The gain at the max1mum of the Doppler -broadened
rotational line is given by[?*2°]
16(n°In2)" v S°4 Ssise 8
3hc Ava g/ oI 1 Mo ®
In (8), v and Avy are the tranSLtlon frequency and
Doppler half-width of the line, S is the strength of
the electronic transition, and SJ J"” and qy'y” are the
Henle-London and the Franck Condon factors.

For the amplification regime, the results of the cal-
culations agree with the experimental data. The time
dependence of the gain on the Q,9 line of the (1, 0)
band, calculated from formulas (8), (4), and (7), coin-
cides with the experimentally measured curve accurate
to 30—50% (see Fig. 2d). Agreement with experiment,
expecially for not too strong fields, is also observed in
the voltage dependence of the time-maximum gain Kpp
on this line (see Fig. 5), and also in the instant t); of
the maximum inversion and in the relative duration of
generation vs. the electric field (see Fig. 4).

Allowance for the population of the B, level by elec-
trons from the A state in the population equations in-
troduces insignificant corrections in the results. The
deterioration of the agreement between the theory and
experiment that is observed in strong electric fields
may be due to the increased role assumed by the in-
ductive voltage drop in the case of fast plasma develop-
ment.

The results of calculations of the saturated genera-
tion power Plg%t disagree with the experimental data.

The value of Plsvét in the saturation regime N,
~ N, gm } when account is taken of the electronic col-
lisions 0 — 1,1 — 2, and 2 —1, and also of the
radiative decay 1 — 2 with probability A in the popula-
tion equations, is given by

hv Nn‘\?l'lol (1 - gsz/v)’ (9)
14 gi2 4auge 1—exp(— enfe)’

g = g.'

Ky =

P rx=

sat

and the energy of the generation pulse is
!

W, = j‘P (t)dt = 2B,y (10)

The maximum generation power in the saturation
regime is proportional to the rate of excitation of the
upper working level No{ 0o,V ) ng (tp), where

v(1—gedly)
b __1 [ Tgvan (1—-exp(—£,z/e))]'
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The electron density is ng(ty) = nge&lt ~ v, and there-

fore ngt ~ No{ 001V )7 should theorétically increase

rapidly with increasing voltage, owing to the factor y.
In fact, in the experiments (see Fig. 6) the generation
power begins to decrease at sufficiently high voltage.
In addition, the measured value of the peak power is
smaller by one or two orders of magnitude than the
calculated value.

These differences can be attributed to the finite
development time of the photon cascade in the laser.
The growth time of the photon cascade, from the level
of spontaneous noise to the saturated photon density
~10" cm™®, amounts to approximately 107" sec, for the
most intense rotational lines with maximum gain
~10"2 cm™, as follows from the equation for the growth
of the photon density in the oscillation mode. At E/p
=100 V/cm mm Hg, this value is comparable with the
time of existence of the inversion t;. On the remaining
aggregate of rotational lines making the principal con-
tribution to the total calculated generation power, the
gain is smaller, the photon cascade does not have time
to develop, and no population inversion is realized.
When the voltage is increased, the conditions for the
development of a photon cascade become even worse:
the growth of the gain slows down (see Fig. 5), tcag
becomes stabilized, and the time interval t; decreases
rapidly. The best conditions for the excitation of the
laser can be ensured in excitation systems of the
“traveling wave’’ type [?®), where the growth of the
photon cascade is not limited by the time of existence
of the inverted population.

The fraction ppg of the energy introduced per unit
volume of the plasma owing to the excitation of the
upper working state is (uB is always smaller than
unity for a spontaneous discharge):

No(Oxs0> e

t i
s = [ Nora () oxavdesds / [ enuyBar ~ == e (11)
0 [
(for t Ste we have ng ~ nle??). For the B-state as a
whole, up can reach ~35%, and for the individual
vibrational level By’ =1 we have LB, = 5%. The ratio
of the generation pulse energy Wgat to the total intro-

duced energy €(t¢) is

Wsat hv
e(t)  2(14guw)

At optimal excitation conditions (g,.A/y < 1), as fol-
lows from (12), 1% of the expended electric energy
goes over into coherent laser radiation.

The main results of the analysis carried out above
for a laser operating on the 1+ system of N, bands can
be applied to any pulsed laser of similar type. As seen
from (5) and (10), the inverted population and the genera-
tion pulse energy are proportional to the gas pressure,
and the generation power (9) is proportional to the
parameter y = No{0,iv). The quantity {0,iv) under typical
experimental conditions is usually smaller by one or two
orders of magnitude than the optimal value (indicated
by the arrow on Fig. 7). Raising the gas pressure and
the electric field should lead to a rapid increase of the
parameter y and to a corresponding reduction of the
discharge development time. Under these conditions,
the dynamics of the active medium has certain dis-
tinguishing features.

NolGov) (1 A ) (12)

ev.E —éun )
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FIG. 7. Relative ionization co- ,,
efficient x = (04iV/0oiMegi%
against the electron energy €/eq;.
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EXCITATION OF DENSE ACTIVE MEDIUM OF A GAS
LASER

A theoretical analysis of the dynamics of a weakly
ionized plasma by numerically integrating the self-
consistent system consisting of the kinetic equation and
the circuit equation calls for rather lengthy calcula-
tions. The value of the results obtained in such a
manner is furthermore certainly lowered by the ap-
proximate character of the initial data concerning the
characteristics of the atoms and molecules. Within the
framework of the simplest theory, the development of
a weakly ionized plasma at a high current growth rate
can be described approximately by a system of balance
equations for the electron energy, the ionization, the
conductivity, and the circuit. For an arbitrary function
v(E), the solution of this system cannot be expressed
in analytic form. At the initial instants of the develop-
ment of a plasma in a neutral gas, the stepwise ioniza-
tion and the electronic collisions can be disregarded,
and the concentration of the atoms or molecules in the
ground state can be regarded as constant.

For the y(E) dependence we assume the following
approximations:

Ymi Em gEg 3Em

ver={\ S <k,

where E, < Ep, Em = (2/e) (eoi’ymmel/eff)llz. The
choice of this approximation is governed, on the one
hand, by the available data on the drift velocity vq and
on the Townsend ionization coefficient a(y = avy), and
on the other hand by the approximate y(€) and € = f(E)
dependences.

A comparatively complete set of data on the electron
drift velocity and on the ionization coefficient a is
available only for E/p S 20 V/em-mm Hg!®). In this
region, the ionization rate ¢ for many gases is ap-
proximately proportional to eE/ P, Above that
(20—40 S E/p S 100200 V/cm-mm Hg), judging from
the available scanty data on the drift velocity, the
growth of y(E) becomes less steep, and for some
gases (Ns, Hs, Os,..., the y(E) curve becomes linear
at E/p~ 100—200 V/cm-mm Hg. In view of the lack
of data on v, it is impossible to trace the further
course of y(E).

In choosing an approximation for y(E) we can also
start from the relation y(€) = No{0,iv) = f(€). The
ionization coefficient { 0,jv) for different gases in the
case of a Maxwellian electron velocity distribution,
(O4iv) = o})\{[eg{zx(e/eoi), can be expressed approxi-
mately with the aid of the same function y(€/€4i) (oi—
maximum effective ionization cross section). This is
possible because the relation 00'1/013{1 = f(€/€4i), which

enters in the expression for y changes relatively little
on going from one gas to another (information on o4
can be found, for example, in'?"!). The y(€/€,i) depend-
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ence calculated on the basis of the data for H, is
shown in Fig. 7. At low energies, y(€/€,) decreases
in proportion to € exp (—€.i/€)/€oi. In accordance with
Fig. 7, we can choose for y(€) the following approxi-
mation:

Yomsy 480:‘&8&403“

‘V(B)z {Ym(5_9+)/48m‘y &8 < 4eo !

(13)
where €, < 4¢€4i. The approximate relation between €
and E in the region of high energies 4€,i ~ € < 40 €,
(y = ym) at E = const and vegf = Veo + Vej = const

can be found from the electron-energy balance equation:

€ ~ e’E?®/yymeVeff. At low electron energy € S € the
average energy € is in many cases approximately pro-
portional to the field!?”), The approximation assumed
above for y(E) is obtained by assuming for simplicity
€ o E also in the intermediate energy interval €,i
S € 4501,

The time variation of the field and of the electron
concentration is described by the following combina-
tion of the circuit and conductivity equations:

En, + E(n. 4+ yon.*) = Ewne.vﬂv (14)

where n§ = meVeffd/e?SLy,; d and S are the length
and the cross section of the discharge gap, y,o

= yt=0, L is the self-inductance of the circuit, C = =,
and the active resistance of the external circuit is

r =0. It is assumed that the initial electron concentra-
tion is ng < n%. The field E is approximately con-
stant up to an instant of time t* = In(ng /10 ng)/y,, but
then begins to decrease gradually. The average elec-
tron energy has time in this case to ‘‘follow’’ the
variation of the field.

When E ~ Ep > E. the ionization rate is approxi-
mately equal to y(E)~ yE/Ey = yoE/E,, and the
growth of the electron concentration in time is de-
scribed by the following transcendental equation, which
is obtained from (14) and from the ionization equation:

dp/dt+1Inp=r, (15)

where p =ng/n%, T = y¢t +1n(ng/nf).

At the initial instants of time 7 § -2.3, the deriva-
tive in (15) can be neglected, the electron concentration
increases exponentially, ne(7) = n%e’, and the field is
constant, E = E,. Later on, at -2.3 S 7 S 14, the in-
crease of the electron concentration and the decrease
of the electric field are sufficiently well approximated
by the expressions

ne ~ 5-10~*(t + 6)‘n,", (16)
E ~4E,| (v+6). (17)

The electric field is approximately equal to 0.7E, at
7 =0 (t =In(ng/n3)/ve, and then decreases rapidly.
The time interval t = In (n§/ng)/y,, during which a
strong electric field and a high electron energy are
maintained, decreases with increasing gas pressure,
and E/N, = const is proportional to 1/N,. When the
time 7 =14 is reached, the field E and the average
electron energy decrease by an approximate factor of
5, and the electron concentration is ~80n§. For the
inductive development phase (7 2 14, SLdj/dt = V,,
ngE ® Eqng7, ¥y ® yo( E - E, )/Eo) we obtain from the
equation
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dp/dv=1—E.p|E, (18)

the following expression for the electron concentration:

E, E, E,
~n'| —1— —_— —_— (1T — 14)
n.(t) =~ n [ R T (14 R 80)exp{ E (T 14,}

() (s e )]

The electron concentration at 7 >> E,/E., accurate to
terms ~exp{-E, (7 - 14)/E,}, increases linearly in
time, ne ~ ngE,7/E,, while the electric field and the
average electron energy are constant: E= E,, €

~ €,”, Such behavior of ng and € with time is
physically connected with the fact that the y(€) depend-
ence has a sharp rise in the region of relatively low
electron energies ~€,. The average electron energy
established during the inductive phase should ensure
the ionization rate necessary to maintain the linear
growth of the current in time. The character of the
connection between y and € in the energy region ~e¢,
is such that appreciable changes of the ionization rate
correspond to a change of the electron energy in a
narrow range about €,. In the idealized case, when
the approximation y =ymy(€ - €,)4 € is rigorously
satisfied, the energy of the electrons in the inductive
phase cannot drop below €, at all. The relations
€~¢€,, EXE, and ng ® ngE,7/E, are not exact, since
in the constant field and at € = const the electron con-
centration should grow exponentially and not linearly.
The contradiction is eliminated by taking into account
the terms ~ exp{-E.(7 - 14)/E,}.

For a strong initial field E, < Eo < 3Ep, the
growth rate of the electron cascade is constant,

y = ym, in the time interval 7 > 7* (28] and then de-
creases in accordance with the decrease of the field
as described by Eq. (15).

In the case of an arbitrary time variation of the
excitation rate of the working levels, it is possible to
obtain from the population equations the following
expression for the generation power in the saturation
regime:

(19)

Py(t)= 1 :—Vg” No(0os — 0o2812) {f(t)— [(1— exp (— Cl.j. f(t)dt))
+Coxp (—a [ )RR, (20)
where '
_ 8na4 + a _ g4
Tt g. 02 [exp(en/e) — 1]+ giz(0s — a2) '
Qoy — 12002 N=°

ot = {00V i=on’

= (=
8124 (s + Qoz) No(aos + aoz) ¢

€42
(0 79 =<0'nU>t=ane° = g2 (EXP'?)azu

= 2‘ {OwDi=on’, a, = 2 OV i=on";

Roe2 Rt
ok and o are the effective cross sections for the
de-excitation of molecules or atoms in the upper and
lower working states by electrons, A is the probability
of radiative decay on the working transition 1 — 2,
£(t) = {0gkv ) ng(t)/ng{okv )t-, is a certain function of

4) This is confirmed in part by the results of numerical calculations
performed for N, in [®].
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time, and N, = const. It is assumed that the coefficients
{(ov) depend on the time in approximately the same
manner. We consider the case when the lower working
level is metastable, and the radiative decay of the upper
working level to the ground state 1 — 0 can be
neglected. In Egs. (20), no account was taken of the
population and de-excitation of the levels as a result of
the processes of radiative decay. This is valid if t¢

& 1/A, where A is the characteristic radiative life-
time. If prior to the instant of the excitation pulse

P =0, then generation arises under the condition

— = (1—aﬁ—f~—af

df/dt

df;dt) exp (-“jtfd‘) —(1—ap8)>0.

(21)

At the initial instants of time, the exponential term is
approximately equal to unity and the condition is re-
written in the form p
6> (1 + Ta) .

For many laser systems, including lasers of the
short-wave band, the influence of the quenching elec-
tronic collisions, at least at the initial instants of popu-
lation, is small compared with the radiative decay,
i.e., the term f/8 in (22) can be neglected. To obtain
stimulated emission in the saturation regime in such
systems, the relative excitation rate of the active
medium f'df/dt should be larger than the probability
of radiative decay at the working transition:

! (22)

—_—— A (23)

f dt

The maximum generation power is determined from
the condition dPgat/dt = 0. For some of the simplest
growing functions (ekt, th, ...) the generation power
reaches a maximum at an instant of time tp such that
the exponential term in formulas (20) and (21) differs
little from its value at t =0 in a wide range of parame-
ters a, B; and 6. The generation power is then propor-
tional to the gas pressure and, up to the instant of time
tM, is linearly connected with the rate of excitation of
the active medium Pgat ® huNo( ao; — €12@02) * £(t)/ (1
+g12).

The form of the function f(t) is determined by the
character of the time variation of the electron energy
and the electron concentration, and also by the depend-
ence of the corresponding coefficients {(ov) on the
average electron energy. In the case of exponential
plasma development, for t S In(nk/10 n3)/y,, the
electron energy is € = €,, and consequently the coef-
ficients (ov) are constant, the electron concentration
is ne = ndexp (yqt), and f = exp(yqt). In the inductive
phase of development (€ = €,,{0v) & const, ng o t),
the rate of excitation of the levels is proportional to
the time. Exceptions are optically-allowed transitions
with excitation energy €q, ~ €oi and {0o,v)
~ k(Gin), k = const, for which the rate of electronic
excitation

NoCoav)ie (t) = NoCGo0> 0o ditte (L) [ {Go>: & kdn. [ dt

is constant in time when t < Eo/yoE, and
f = n§Eo/n3E,.

With the exception of a short initial time interval
~10/No{ 0,iv), the plasma development proceeds in
the inductive regime. With increasing gas pressure,
the duration of the initial section soon becomes

negligibly small. The maximum generation power

Pg/ét in the saturation regime in the inductive phase of
development is attained at the instant of time tp:
hv n” E, e (24)
Pt =~ o\ Qo — Co2f12) | — o
Wi R g Mol — aag) (g o)
_{n’ E. Bs\*
v () (25)
the generation-pulse energy is then equal to
hv
Wt it = o= Moo — gus) B, (26)

Expressions (24)—(26) follow from (20) at (ov

= (ov )€, = const. The electron energy €, in the induc-
tive regime can be determined approximately by start-
ing from the approximation (13) to the y(€/€4i) curve,
see Fig. 7. We then obtain the value ~0.4€,;. Some-
what more exact estimates of €, can be obtained by
starting from the real course of the y(€) curve in the
region of low energies, with allowance for the conduc-
tivity and circuit equations for the inductive regime
(LdI/dt > E, t 3> 14/y,). These estimates yield €,

~ 0,22—-0.15¢€4.

To illustrate expressions (24)—(26), the table lists
certain numerical values for a laser operating on the
infrared (1+ system of bands) and ultraviolet (2+
system of bands) transitions of molecular nitrogen.
The products ov for the upper and lower working levels
were averaged over the Maxwellian distribution of the
electron velocities. Information on the effective cross
sections and on the Franck-Condon factors are con-
tained in the literature references. Owing to the small-
ness of the Franck-Condon factor for the X, — A,
transition, the corresponding coefficient (0qv) is
negligibly small. The effective cross sections ¢,; and
0,i were estimated from the Thomson formula. To
find the coefficents (0,,v) and (0, v) we used the
well-known relation for the direct and inverse pro-
cesses. The value of the coefficient {0 ,,v) for the 1+
system of N, bands was chosen starting from the data
of the present investigation. For the 2+ system, the
coefficient {(o,,v) was chosen such as to obtain agree-
ment with experiment!®! at low gas pressure. The
calculations were performed at L =10 nH, d/S =0.1
em™, €,=60eV, €, =3.5eV, p=1.5atm, and y, =4
X 10'? sec™!. As seen from the Table, at a gas pressure
~1.5 atm the per unit energy of the generation pulse,
summed over the bands of the 1+ system, can reach
0.1 J/cm?, and for the (0, 0) band of the 2+ system we
get 0.01 J/cm?,

The free-path time of the molecules in intermolecu-
lar collisions, T, =1/No{ZV) (Z is the effective
cross section of the intermolecular collisions and V
is the velocity of the molecules) becomes comparable
with the generation duration at a molecule concentra-
tion No~ Eeng{04iv)/E, n%‘BG( 2V )% For low-induct-
ance excitation systems, ng ~ 10*? cm™®, at E,/E,
~ 20, the duration of generation in a laser system with
(04iv)/Bbng =~ 107" cm® sec™ and (V) ~ 107" cm?®
sec” is much shorter than the free-path time of the
molecules in inelastic intermolecular collisions up to
pressures ~30 atm. Adiabatic collisions causing
broadening of the spectral lines do not affect the level
populations and therefore do not influence the genera-
tion power in the saturation regime.



46 I.

N. KNYZAEV

Cov)y, cm?+sec™!

A, sec™! PM , MW/cm3| At,, nsec We., J/em?
<200y [ I Cogivy (ouv) | (ou0v) (ogiv) | (omv) * sat & sat
Working transition B3ﬂgu’ =1-A%Z;"v" =0 (1 + system of N, bands, band (1, 0) g1, = 2)
3.1.1070 1% 8] | 10711 [18] [2.3.109| 6.10® | 2.5.10° | 1.2.10® | <107 |1.3.15[®]| 15(60)° | 1.6 . |0.025(0.1)*
Working transition C*Igu" = 0 > B*Igv" = 0 (2 + system of N, bands, band (0, 0), g12 = 1)
3.10-20[18,20] | 1.2.10710[17.38]; 2.4.10°8 [ 1.5.10~7| 2.10® | 2.3.10® | 2.5.10710 | 2.107[%] | 13 | 06 | 8.0

*The parentheses contain the values summed over the bands (0, 0), (1, 0), (2, 1), and (3, 2).

CONCLUSION

The measurements performed and the satisfactory
quantitative agreement between theory and experiment
confirm the mechanism of electronic excitation of
inversion in a laser operating on the 1+ system of N
bands from the ground state. The assumed weak popu-
lation of the triplet states of N, by electrons, on which
the hypothesis of ‘‘stepwise’’ population is based!!%!],
does not agree with data on the values of the corre-
sponding excitation cross sections!!»?®), The effect of
the “‘smearing’’ of the radiation!®»*! to explain which
this hypothesis was specifically proposed, can be con-
nected naturally with the relatively large radiative
lifetime of the B-state('?),

The specific energy and the power of the coherent
emission of pulsed gas lasers at sufficiently high
working-gas pressure and at a corresponding value of
the electric field can be comparable with the analogous
parameters of solid-state lasers!®,

Notice should be taken of certain difficulties that can
arise when considerable volumes of the active medium
are obtained. At a gas pressure above 0.01—0.1 atm,
the discharge occurs under ordinary conditions in the
form of a narrow spark, thereby violating the homo-
geneity of the active medium. This difficulty can ap-
parently be avoided in part b¥ preliminary homogene-
ous ionization of the gas!®*®! or with the aid of the
technique of needle-shaped cathodes with chmic de-
coupling!®®’,

With increasing gas pressure and increasing elec-
tric field, the rate of development of the plasma in-
creases, and the duration of the generation is de-
creased (25). Violation of the homogeneity of the active
medium is then possible as a result of the skin effect
and pinch effect. With decreasing generation duration
Atg, the electric energy from the remote sections of
the energy-storage unit does not have time to reach
the plasma gap, as a result of which the ‘‘effective’’
linear dimensions of the storage unit and the value of
the energy input decrease in proportion to c Ats,. For
short stimulated-emission pulses (S 1 nsec), in ad-
dition, the difficulties of the space-time matching in
excitation systems of the ‘‘traveling wave’’ type in-
crease!®). To increase the generation duration it is
expedient to use laser systems capable of effective
excitation of the upper working levels at a low ioniza-
tion rate. Suitable working levels may be chosen, for
example, among the vibrational levels of the ground
electronic states of molecules. Unlike optically al-
lowed transitions, such levels can also be effectively
excited in the inductive phase of plasma development,
which is characterized by a relatively small value of
the electron energy.

A pulse plasma offers prospects for obtaining stim-
ulated emission in the short-wave region of the spec-
trum. The conditions of the excitation of generation
improve with increasing relative rate of excitation of
the working levels by the electrons, f'df/dt (see (23)).
For a real plasma, this ratio is always finite. The
minimum generation wavelength is then approximately
equal to
8n’efa )‘/'

Armtn = (m.cN.) (o)

(f2, is the oscillator strength of the working transition).
In excitation systems with the rapidly rising electron
concentrations in the neutral gas and the {oo,v)

=~ const that are characteristic of the breakdown of a
neutral gas, the ratio fdt/dt = No{0oivV )y = vm i8S
sufficiently large. In a laser system of similar typem,
coherent radiation was recently obtained in the vacuum
ultraviolet at a wavelength A ~ 1600 A'*). However, it
is difficult to excite generation with wavelengths
shorter than ~1000—500 A by this method, owing to

the strong photoabsorption of the neutral gas. Further
progress is apparently possible via pulsed excitation of
inversion on transitions of multiply-charged ions dur-
ing the process of rapid heating of the electrons in a
fully ionized plasma.

The generation duration decreases in proportion to
NB‘/ % in pulsed electronic excitation when the gas pres-
sure is increasee. This gives rise to the possibility of
generating single ultrashort pulses of coherent radia-
tion of limited power, with duration ~107'—10""* sec,
with sufficiently rigid synchronization relative to the
triggering pulse. Spontaneous-emission light pulses of
duration ~107* sec were observed in'*! in nitrogen at
a pressure of several dozen atm.
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