Quantum Electronics 42 (2) 99-106 (2012)

©2012 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.55.Lt; 42.60.Lh
DOI: 10.1070/QE2012v042n02ABEH014691

Collisional lasing on a self-terminating transition 2 'P$-21S,

in helium atom

E.V. Bel’skaya, P.A. Bokhan, D.E. Zakrevskii, M.A. Lavrukhin

Abstract. Lasing on a self-terminating transition 2P} -21S, (1 =
2.058 wm) in helium atom is studied for a single- and double-pulse
operation regimes under electron beam pumping in pure helium and
its mixtures with H,, N,, O,, CO,, H,O, NHj3, and N,0O. In pure
helium, the maximal pulse duration is ~50 ns, which agrees with
the calculated value. Recovery of lasing in the second pulse is
observed at a time delay between the pulses of longer than 1.25 ps.
In adding CO,, N,O, NHj3;, and H,O, the relaxation rate for popu-
lation of the metastable state He(2'S) increases, which makes the
delay, needed for recovering lasing, shorter up to pulse merging in
the case of H,O. At the exciting pulse base-level duration of 1.2 ps,
in mixtures of helium with NH; and H,O, laser pulses with a duration
of ~0.8 us are observed, which testifies that collisional quasi-cw
lasing occurs. Mechanisms of collisional lasing are discussed.

Keywords: collisional lasing, helium laser, constants of de-excitation.

1. Introduction

Depopulation of a lower laser level through collisions with
heavy particles is actively used for obtaining an inversion
population in atoms, molecules, and their ions, which resulted
in creation of high-power highly efficient lasers (lasers on
CO, and CO molecules, iodine atoms, etc.). The idea of using
collisional de-excitation of working states for producing a
medium with negative absorption was first suggested [1]
just prior to creation of a first laser. Later, Bennett [2] and
Gould [3] defined the requirements to active media of the
lasers (sometimes called ‘collision lasers’) based on fast relaxa-
tion in a system of groups of closely residing upper and lower
levels with the energy separation in groups AE < kg7, (here,
kg is the Boltzmann constant, 7, is the active medium tem-
perature).

As was mentioned in [4], successful implementation of
Gould’s suggestion on creating a collision laser is a laser on
a CO,—-N,—He mixture. However, attempts to create such
lasers on active media with atomic or ion transitions by con-
ventional excitation schemes [a gas discharge or electron
beam (EB)] were generally not successful [5]. Under optical
excitation [6] or by mixing with a preliminarily excited car-
rier of energy [7], population inversion is produced and las-
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ing is obtained, for example, in rubidium and caesium atoms
[6] or iodine atoms [7]. Although the relaxation and energy
transfer in these atoms at AE < kg7, only occur in an ensem-
ble of upper levels, most powerful and prospective lasers are
created and are still being developed on their basis [§,9]. One
more successful tendency in creation of lasers with colli-
sional de-excitation is search for and realisation of the sys-
tems with fast relaxation of lower working levels in a single
collision act at AE' >> kyT,. In particular, in a He—Zn-Eu
mixture, the transition Eu*(z’P,—a’D$) at A = 1.002 um
exhibits a maximal gas laser radiation energy per unit mass
[10].

Among a great variety of collisional processes, which lead
to fast relaxation of atomic state populations at AE >> kgT,
and result in lasing [11-23], only the penning effect in atoms
and quasi-resonance recharge in ions are of sufficiently general
character. Recently [24], it was reported about collisional lasing
on a transition He (2'P{-21Sy) at A = 2.058 um with a simul-
taneous employment of other universal quenching mecha-
nisms, namely, collisions with molecules and slow electrons.
An attractive feature of the laser is its possibility to produce
lasing on the transition from a resonance state (RS) to a meta-
stable state (MS), suggested in [25] and realised for atoms Ba
[22,26], Eu [10,22], Ca and Sr [12,13], Pb [22], and for ions
Ca*, Eu", and Sr* [21]. Here, we report results of a detailed
study of collisional lasing in helium atom.

2. Experimental

In studying the lasing characteristics, we used the laser cavity
and pump generator described elsewhere [24,27]. Lasing on a
self-terminating transition was obtained under pumping by a
radial EB, which was generated by an open discharge (OD)
[28] in a double pulse regime with the FWHM pulse duration
of 25 ns in a 12-cm-long cavity 3.1 cm in diameter. The ampli-
tude of the current in the EB reached 2.5 kA and the working
voltage in the OD did not exceed 7 kV. The properties of col-
lisional lasing were also studied under pumping by single
pulses with the duration of up to 1.2 us generated by an arti-
ficial line with a wave impedance of 4 Q.

The MS relaxation rate for He(2!S;) was measured by
absorption in a test cavity with a length of 9 cm and diameter
of 5 cm, which was also pumped by the radial EB with dura-
tion of ~15 ns generated in the OD. For probe radiation we
used radiation of a laser on the self-terminating transition
He(2'PY-21'Sy) at A = 2.058 wum pumped by the radial EB. A
near-axis domain was cut from the laser beam by a diaphragm
0.3-cm in diameter and the radiation was directed along an
axis of the test cavity. The nonresonant losses in the laser cavity
were ] = 0.34 (here, § is the reduced coefficient of nonreso-
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nant losses and / is the length of the laser active medium), and
the pumping was chosen so that the gain at the Doppler pro-
file centre be ¢ = 0.69 (« is the gain). The lasing profile calcu-
lated for this case in [29] is given by the expression [j,4(v) = a(v)
II[1 = /Bla(v) 1? {I, = Auhvy/[20(v)] is the line centre satura-
tion intensity at the frequency vy = ¢/A, A,y is the transition
probability for He(2 'P{—21S); / is Planck’s constant, o(v) is
the absorption cross section for Doppler broadening} and is
presented in Fig. 1. In the same figure, the Doppler profile for
the absorption line in the test cavity is shown for the transi-
tion He(2'S;—2'PY) at room temperature.

I, (rel. units),
k (rel. units)

1.0}
0.8
0.6
04

0.2

~

1
1 (v=vo)Avp

Figure 1. Intensity of laser radiation /;,; and the absorption coefficient
k for the Doppler-broadened line He (2'Sy—2 'P}) vs. detuning from the
line centre [A = 2.058 um, Avp, is the Doppler (FWHM) linewidth].

the de-excitation constant Ak;"/k;" due to the finite spectral
width of the probe radiation was calculated for various values
of the absorption coefficient k(v) as follows

Ak L In(kyy) i In[—In(Wout/Win)]
k™~ In[k(vg)]  In{—In[exp[— k(vo)]]} "

Figure 2 shows the calculation results for the intensity dis-
tribution of the probe laser radiation over frequency pre-
sented in Fig. 1. One can see that the inaccuracy raises as
k(vg) o< ny, increases (the ratio w,/w;, reduces). For example,
in order to provide the accuracy of Ak;"/k{™ ~ 2% in deter-
mining the de-excitation constant k;(v), the ratio wg,/wi,
should be greater than 0.06.

AR (%)

0.01 0.1

Figure 2. Inaccuracy Ak;"/k;™ of measuring the de-excitation constant
vs. the energy ratio wy,/w;, of output radiation passed across the test
cavity and input probe radiation.

With a monochrome probe radiation frequency v corre-
sponding to the centre of the absorption line, the absorption
coefficient k(vg) is determined by the ratio of the energies wg,
and wy, for the probe radiation at the cavity output and input,
correspondingly, w,,/w;, = exp(—ks), where s is the absorp-
tion path length. Because the monochrome probe radiation
at the wavelength 4 = 2.058 um is absorbed on the transi-
tion He(2'Sy—2'P}), then the absorption coefficient is k =
k(vg) =< n,,, where n,, is the MS population for He(2'S).
In view of the time evolution n,, = ndexp(-A4¢), the rate of
quenching A4 is determined by the expression

At=-Ink+ b= 71n[71n(woutlwin)] +ec,

where b and ¢ are constants. The constant of the process is
found from the MS de-excitation rate: k" = A/n,;, where n; is
the concentration of the ith reagent (electrons and various
molecules).

In the case where the frequency of the probe radiation
v # v, the absorption coefficient reduces and, consequently,
Wout/Win and the population n,, are determined with an inac-
curacy Anp/ny, = [k(vy) — k(v)[/k(vy). If the probe radiation is
not monochromatic, then

Woultin = [ hus(MXPl—K)s]dv / [ Ds(v) dv = exp(-kyys)

(k,y 1s the resulting absorption coefficient) and the coefficient
k,, obtained differs from k(vy). The inaccuracy of measuring

The parameters of the laser pulse radiation were measured
with an InSb sensor (PD24-03) with the time resolution of
4 ns and with a four-channel TDS-2024B oscilloscope with the
bandwidth of 200 MHz. Spontaneous emission from working
cavities was studied by using a monochromator and a FEU-106
photomultiplier with the time resolution of 3 ns.

3. Lasing characteristics in the double-pulse
regime

The lasing parameters in the second pump pulse, i.e., the
dependences of w,/w; on the time delay between the pulses Az
(here, w, and wy are the energies of the second and first pulses,
respectively), were measured both in pure He and in its mix-
tures with H,, N,, O,, H,O, NHj3, and N,O. A characteristic
example of lasing recovery in pure He in the second pulse
is curve (/) in Fig. 3a. One can see that lasing arises at Az; =
1.25 ps and completely recovered lasing is observed at Az, = 5 ps.
The rate of the recovery weakly depends on the pump pulse
energy. Such a dependence is typical for electron-beam-pumped
self-terminating lasers, and is determined by the rate of MS
relaxation in the afterglow [22,30,31].

Molecular admixtures accelerate the process of lasing
recovery in the second pulse. The recovery time substantially
depends on the type of the admixture and, under some condi-
tions, on a pressure of the latter p,,. In the case of dimers
(H,, N,, O,), at increasing p,.; the parameters A¢; and Az, first
rapidly reduce and then remain constant up to the limiting
pressure, at which lasing still can be observed (Fig. 3a). Most
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Figure 3. Ratios w»/w; vs. the delay Az between the pump pulses at py, = 7 Torr under double pulse excitation in mixtures He—H, (a), He—CO, (b),

He-N,O (c), He—NHj; (d), and He—H,O (e).

rapidly lasing recovers in the mixture He—H,, in which case
At; =0.64 us and Ar, =2.2 us.

Lasing is more rapidly recovered in mixtures of He with
triatomic molecules: a symmetric CO, molecule and weakly
polarised N,O molecule, which has a dipole moment dy,o =
0.16 D (1D =0.33x102° Km) (see Figs 3b,c). However, sim-
ilarly to the case of dimers, the fall of A#; and Az, vanishes
as the mixture pressure exceeds a certain value. For a N,O
molecule, the minimal values of At and At, are, respectively,
0.15 and 0.6 us, and for CO, molecule these are 0.15 and 1 ps.

Shortest lasing recovery times in the second pulse are
observed in mixtures with polar molecules NH; and H,O pos-
sessing large dipole moments: dyy, = 1.46 D, dy,0 = 1.84 D
(see Figs 3d, e); in the mixture with H,O, lasing does not vanish
at py,0 > 0.5 Torr. For the second pulse, at Az < 100 ns an
increase in the ratio w,/w; is observed, which is a consequence
of temporal overlap of laser pulses. Note that this phenome-
non — overlap of laser pulses as the similar pump pulses
become closer — is observed for self-terminatig transition
lasers for the first time.
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4. Lasing parameters under long excitation
pulses

Figure 4 presents the oscillograms of the pump pulses and
laser radiation while exciting pure He by long pulses. In all
the experimental conditions (py. = 650 Torr, the EB current
of 0.16—2.34 kA, discharge voltage of U = 2.4-6.2 kV), a
longest pulse base-level duration was 50 ns with a statistical
error of £3 ns. A similar maximal duration of the laser pulse
is obtained in helium mixtures with H,, N,, O,, CO,, and N,O
up to the admixture pressures yet providing lasing. Quite dif-
ferently lasing occurs in helium mixtures with H,O and NHj.
Adding admixtures H,O (up to 0.6 Torr) and NH; (up to 1.3
Torr) at py. = 6 Torr results in a greater generation energy (by
a factor of 30 in the mixtures with H,O) and pulse duration
due to a stretched trailing edge of the pulse [see Fig. 5, oscil-
lograms (/-4)].

U/kV, I/A,
I, (rel. units) Pp/kW
300
200
100

Z Al 1 0

0 100 200 t/ns

Figure 4. Oscillograms of voltage U, current , power Py, of the discharge,
and laser radiation pulse (/},,) at py. = 12 Torr.

In exciting by single pulses, the shape of the laser pulses
depends not only on the pressure of a molecular additive p,,,
but also on the pump power P, (see Fig. 6). The maximal fea-
sible pump power, in turn, depends on the OD duration and
is limited by the instability of EB generation, which arises if
the pump power overrides a certain value. For example, in the
He—-H,O mixture at pressures of py, = 6 Torr and py,o =
1.3 Torr, the highest pump power is 480 kW at the FWHM
pulse duration of 7, = 280 ns, 150 kW at 7, = 500 ns and
72 kW at t, = 680 ns.

At higher pressures py, o and low pump powers, the laser
pulse has no leading peak and appears in a long delay relative
to the onset of the current pulse. In mixtures of He with H,O
and NHj, lasing occurs at a considerably lower pump power
as compared to pure helium. For example, in the He—H,O
mixture at the pressures py. = 6 Torr and py o =1 Torr, lasing
starts at the voltage U = 1.08 kV corresponding to the maxi-
mum current / = 100 A, whereas in pure helium the threshold
values for U and I needed for lasing to occur are 2.4 kV and
180 A, respectively. The range of optimal helium pressures in
adding an admixture shifts to lower values of py.. Lasing at
2.058 um is observed in the He—H,O mixture at py, = 0.7
Torr and py,o = 0.7 Torr, whereas in pure helium a minimal
working pressure is py, = 6 Torr. The range of pressures (ppe

U/kv,
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1—pu,0=0.3 Torr
2-0.9 Torr 40.16
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Figure 5. Oscillograms of laser radiation pulses (/;,;) at various water
vapour pressures, py. = 6 Torr and the same discharge voltage U and
current 7, which are also shown.

> 9 Torr) in which lasing may occur in mixtures of helium
with molecular admixtures is limited by the arising instability
of EB generation.
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Figure 6. Oscillograms of the laser radiation pulses (/j,,) at various pump
powers P, (/-4 ) and the oscillogram of the discharge power P, (5) at
Pue = 6 Torr and py,o = 0.9 Torr.

5. Measurements of the relaxation rate and
de-excitation constants for the He (21S,) state
in mixtures with molecular additives

Clear understanding of the mechanism of arising quasi-cw
lasing necessitates information about de-excitation constants
for the metastable state He(2'Sy). Unfortunately, certain
conditions should be met in performing the corresponding
measurements for obtaining reliable data. To the best of our
knowledge, there is only one work in which the constants of
quenching atoms He(2'S;) by complex molecules were mea-
sured [32], though indirectly and without specifying accuracy.
The main difficulty is that the rate of quenching k™ of the
He (2!S,) state by electrons to the He(27S,) state is extremely
high and amounts to 4x 1077 cm? s7! [33]. Actually yet at a
small electron concentration n, needed for obtaining reason-
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able quantity of atoms He(2!S), the populations of the states
He(2'Sy) and He(23S,) relax into the ground state He(1'S)
as a unit with the constant k,(23S;) = 4.2x 10~ cm? s [34, 35].
In addition, atoms He(2'S,) may participate in fast quench-
ing when colliding with each other, with atoms He (273S,) and
He(1'Sy) [33,35].

Thus, the EB parameters and He pressure in the test cavity
were chosen in such a way that the quenching rate of the state
He(2'Sy) by electrons k™n, would not exceed 10° s!, and the
total quenching rate in all other processes X.;k;"n; including
diffusion on walls would not exceed 10* s™!. In particular, in
the experiments with the test cavity diameter of 5 cm, the
measurements were taken at a pressure py, = 8—15 Torr, EB
current below 5 A, FWHM pulse duration of 15 ns, and volt-
age amplitude of ~4 kV. By calculating the concentration 7,
according to [27], we estimated an upper limit of this param-
eter 2x 10! cm=3. Measurements at such a value of n, guarantee
negligible subpopulation of the MS in recombination pro-
cesses, which was also verified by the intensity of recombina-
tion radiation in singlet and triplet systems of helium levels.
Note that even at the pressure of additive p,,,; ~ 107 Torr, the
intensity of recombination radiation falls by a factor of
greater than an order and its duration substantially reduces.
This is explained by recharge of helium ions on additive mol-
ecules with their following recombination. At po ~ 107!
Torr, the recombination radiation of helium actually ceases.

Figure 7 shows an example recovery curve for a medium
transparency in the test cavity after the excitation pulse stops.
The rate constant k™ for electron de-excitation of the He(2'S)
state calculated from this data was (3.8+0.4)x 10”7 cm? s,
which within an acceptable accuracy coincides with a reference
data (k! = 4x 10”7 cm? s7' [33]). In the same figure, the ratio
Wout/Win 18 shown versus the time delay Az for the mixture
He-H,O. Similar dependences were obtained for the mix-
tures of helium with NH;, CO,, and N,O, which stronger affect
the rate of lasing recovery in the second pulse. The relaxation
rates of the MS He(2'S,) found from these results are shown
in Fig. 8 versus the admixture pressure, and the quenching
constants are presented in Table 1, which also includes (with-
out specifying accuracy of measurements) data from [32]
obtained, as was mentioned, by indirect methods.

Wout/Win
1.0}
0.8
0.6
0.4}
I-puo=0
2-8mTorr
0.2 3—12mTorr
4-31 mTorr
5—-50 mTorr
0 1 1
1 3 10 Atfus

Figure 7. Ratio of energies w,,/wji, of the probe radiation at the output
and input of the test medium vs. a time delay Az between the pulses in
the mixture He—H,O at various pressures of water vapours and py, = 8
Torr.
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Figure 8. Rate of de-excitation of the state He(2'Sy) vs. the pressure of
molecular additives NH; and N,O (a), CO, and H,O (b). Dots are ex-
perimental data, lines correspond to the calculated de-excitation con-
stants from Table 1.

Table 1. Rate constants for He(2!S,)-state de-excitation by collisions
with molecules.

k107 cm? 7!

Additive

Present work [32]
H,O 1.2£0.3 -
NH; 0.8£0.2 1.33
N,O 1.9£0.2 0.92
CO, 22+0.4 1.1

6. Discussion
6.1. Laser pulse duration in self-terminating regime

A longest duration observed in the present work 7,,,, under
a linear pump power increasing with time (Fig. 4) was 50 ns.
This is substantially shorter than the duration 7, = 2/4,, ~
1 us {4, = 1.974x10° s7! is the transition probability for
He(2'PY-2'Sy) [36]}, determined in these conditions from
the model [37]. Mechanisms that make the duration of the
laser pulse shorter than the duration obtained in [37] are con-
sidered in [26]. It was shown [26], that 7., substantially reduces
if the decay of a resonance state into the ground state is taken
into account along with the subpopulation of lower metastable
states by electrons. Helium as an active medium is specific in
that the states He(k'PY) with k > 2 are also efficiently populated
by electrons [38, 39]. Since these states rapidly decay to the
MS He(2'Sy) (see Fig. 9, Table 2) the equation for the MS
population should take into account, in addition to direct
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Figure 9. Atomic levels of helium and the processes under consideration.

Table 2. Relative frequencies v; (/ = ion, m, r, k) for He atom ionisation
and excitation from the ground state and probabilities A, for
transitions from levels & 'Py to level 2'S,,.

l State v;[39] Al 100571 36]
ion He* (ZS]/Z) 1 -

m He(2'Sy) 0.055 -

r He(2'PY) 0.35 1.99

k=3 He(3'PY) 0.11 13.4

k=4 He(4'PY) 0.044 6.93

k=5 He(5'PY) 0.022 3.92

excitation of the MS by electrons of the EB, the processes of a
He(2'S,) state population due to spontaneous emission from
levels He(k'PY). Finally, the system of equations describing
the population of resonance and metastable states on the
leading edge of the pump pulse (i.e., under the condition
ny > n, ~ ny, ~ n) takes the form:

Tion = NoVion I,

1k = NV F — ng Agm,

(1

ne = novi F — n; As,

. 5
Nm = oV F + nrArm + zk: 3nkAkm - nmAma

where 7, is the population of ions; 1y, n,, and n,, are the pop-
ulations of the ground, resonance, and metastable states,
respectively; n, (k = 3, 4, 5) are the populations of states
He (k 'PY); A4, is the transition probability for He (k Py -2 1S)
[36]; Ay = Apy + A, + Aoop; A, = 0.238 40 VAol = 0.67x10° 57!
is the probability for the resonance radiation to be emitted
from the tube centre [26,40] (the tube radius is r = 2.5 cm); 4,
= 58.4 nm; A, = 1.8x10° s7! is the transition probability for
He(2'P{-1!S)) [36]; Ao and A4,, are the probabilities of radia-
tionless transitions from the RS and MS; F'is the pump rate in
numbers of interaction acts per single He atom; vy, ;. , are the
excitation frequencies for the corresponding helium levels
from the ground state referred to the ionisation frequency v;,,
of helium in the ground state in the case of the EB with the
energy of several keV (taken from [39]), see Table 2. The ini-
tial electron concentration n.(¢ = 0) was taken zero.

In pure helium we have 4., = 4,, = 0. Under the condi-
tion that lasing on the self-terminating transition vanishes at
the instant when 7./g, = nn/gm (g and g, are the statistical
weights for the RS and MS, respectively) [26], a solution of
system (1) yields 7itl, = 50 ns at F = F,¢, which coincides with
the experimental result (see Fig. 4). For a rectangular pump
pulse (F = F,), we obtain {2}y = 24 ns. Since in the mix-
tures of helium with H,O and NHj the laser pulse duration is
t >> 712 we may conclude that ‘self-terminating’ lasing
transfers to ‘collisional’ lasing in these cases.

6.2. Mechanisms of lasing recovery in the second pulse

As was mentioned in Section 3, recovery of lasing on self-ter-
minating transitions under electron-beam pumping is deter-
mined by the rate of MS relaxation. A most rapid de-excita-
tion process is usually de-excitation through collisions with
electrons [22]. Constant k™ for the state He (2'S) is extremely
large and exceeds those for all known metastable states that
are lower working levels in self-terminating transition lasers
[22]. However, the recovery of lasing in the second pulse in
pure helium occurs noticeably slower than, for example, in a
lead vapour laser (4 = 722.9 nm) [30], for which A¢; = 0.45 us
and A, = 1.6 us. Specificity of a He laser is a small energy dif-
ference for the states He(2!S,) and He (23S,): AE ~ 0.66 eV.
The state He(23S,) is relatively slowly de-excitated by elec-
trons {k.(23S;)=4.2x10" cm? s~ [35]}, which favours accumu-
lation of atoms He (23S) during the pulse. The rate of cooling
of plasma electrons in elastic collisions with helium atoms A,
= (0V) N Me/Mmy, (0, 1s the cross section of plasma electrons
with helium atoms, v, and m, are the velocity and mass of
electrons, myy, is the mass of helium atom) is not high
(1.24x103 s7! Torr™! for T, = 1 eV). Hence, the electron effec-
tive temperature in near afterglow exceeds the value of 0.1 eV,
which is characteristic for a stationary temperature 7, in a
helium plasma beam [41]. The result is that the MS He(2'S)
relaxes in near afterglow at a rate equal to the rate of electron
cooling, which stipulates a comparatively slow recovery of
lasing in the second pulse whereas the rate of lasing recovery
is independent of 7.

Introduction of molecular additives accelerates all the
three processes affecting relaxation of the state He(2'Sy).
First, due to a large cross section of elastic collisions between
electrons and molecules [33,42] and excitation of rotational
and vibration molecule states [43], the cooling of electrons
goes faster. Second, an additional channel arises for efficient
de-excitation of the level He(23S,) by molecules [33], which
also depopulates the level He(2S,). Third, the state He (2!S)
quickly de-excitates directly in collisions with molecules
(Table 1). However, the rates of the processes, especially of
the first one, substantially differ for various kinds of gases.
Excitation of vibration molecular states at 7, > 0.5 eV con-
siderably increases the rate of electron cooling. Nevertheless,
accumulation of molecules on vibration levels, in contrast,
slows down the rate of electron cooling at low T, because
electrons acquire energy in colliding with molecules. In this
case, in the critical interval of T, for He lasers, the rate of
electron cooling is determined by the rate of vibration state
relaxation in mutual collisions between molecules (VT-relax-
ation), which is of crucial importance for lasing recovery in
the second pulse. The rate of VT-relaxation raises in the series
dimers—weakly polarised triatomic molecules—polar mole-
cules [44—47], which helps bring the laser pulses closer up to
their complete merge in mixtures of helium with H,O.
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6.3. A mechanism of quasi-stationary collisional lasing

As it follows from the above consideration, in the conditions
of the present work, fast relaxation of the MS is implemented
in two principally different processes: collisions with plasma
electrons and heavy particles. In Fig. 10, we present the
dependences of 7,,,,, found by solving system (1), on n, and
on the rate of the MS relaxation under collisions with mole-
cules for various excitation conditions: by rectangular pulses
and pulses in which the pump power linearly increases in time.

0 0.4 0.8 1.2

A, [107 57!
Tmax/107 s ; : . ! =

2.0

Figure 10. Maximal duration of a laser pulse 7, vs. the concentration
of plasma electrons 7, taking into account electron de-excitation of laser
levels (1,2 ) and vs. the rate 4,, of He (2 'Sy)-state de-excitation by mol-
ecules without RS quenching (3,4) and at A, = 4, (5). Curves (/)
and (3) are obtained for a linear time dependence of the pump rate (F =
Fyt), curves (2), (4), (5) correspond to a rectangular pump pulse (F =
FO).

Curves (/—4) show that, at certain values of n, and A4,
‘self-terminating’ lasing should transfer to quasi-continuous
one. However, in the experiments with pure helium, under no
conditions up to 7, ~ 10'% cm the laser pulses were elongated.
This may result from the two processes: de-excitation of the
RS by plasma electrons and slow cooling of plasma electrons,
which stipulates their high temperature 7, and, consequently,
lack of inversion. The constant of RS quenching by electrons
calculated by data from [48] (k% = 2.3x107% cm? s7!) and the
measured time of lasing recovery in the second pulse (it recovers
in approximately 5 us, until the recombination processes not
yet substantially reduce the concentration of electrons accu-
mulated during the previous pulse) give evidence that the former
process is of negligible importance. Hence, the second process
that is a main obstacle to fast lasing recovery in the second
pulse is also responsible for locking the development of quasi-
continuous lasing.

On the other hand, under pumping by long rectangular
pulses, lasing in mixtures of helium with H,O and NHj; devel-
ops with a noticeable delay Az relative to the pump pulse lead-
ing edge (see Fig. 6). Lack of lasing for the time At may
be explained by that the rate of relaxation of the RS in atom
collisions with molecules conventionally is no smaller than
that of MS relaxation (see, e.g., [33,49]). In this case, when
Aol ~ Ay, an inversion population cannot be reached [26]. As
an example, in Fig. 10, curve (5) presents a result of solving
system (2) under the condition A., ~ Ap,. This is only the
‘onset’ (in time Az) of another process selective with respect to
helium atoms, namely, electron quenching, which leads to las-

ing. To the instant of developed lasing, . according to solu-
tion of system (1) is as high as ~2x10'3 cm=, which corre-
sponds to the rate of helium MS de-excitation k™, = 0.8x 107
sL At ko = 1.2x10” cm? 57! and the concentration ny,o =
10'® cm™ (py,0 = 0.3 Torr) the probability 4, = kjj 0 n,0 is
~1.2x107 s7!, which is comparable to the rate of MS de-exci-
tation by electrons. Thus, a quasi-stationary inversion in He
lasers occurs under a combined action of the two universal
mechanisms of lower working state de-excitation: by plasma
electrons and by molecular gases. The influence of plasma
electrons is responsible for the higher rate of de-excitation of the
metastable state He(2'Sy) by molecules CO, and N,O than
that by molecules NH; and H,O; however, no quasi-continu-
ous lasing is observed with the former molecules, and the sec-
ond-pulse generation develops with a delay due to a compara-
tively high temperature of the second relaxant — electrons.

7. Conclusions

In the present work, lasing on the transition He (2'P{-21S)
at A = 2.058 um is studied in pure helium and in its mixtures
with H,, N,, O,, CO,, H,O, NH;, and N,O under electron-
beam excitation by both single (with a duration of 25—1200 ns)
and double pulses. In pure helium, typical ‘self-terminating’
lasing was observed with a maximal pulse duration of 50 ns.
A recovery of lasing in the second pulse occurs with the second
pulse time delay of above 1.25 ps. Introduction of additives
CO,, N,O, NH3;, and H,O increases the relaxation rate of MS
He(2'Sy) population and shortens the time of lasing recovery
in the second pulse up to overlapping of the pulses in mixtures
He-H,0. With the exciting pulse duration of ~ 1.2 us in mix-
tures of helium with NH;3 and H,O, lasing with the duration
of ~0.8 us was obtained, which indicates that a collision quasi-
continuous operation regime is realised. Such a regime occurs
under a combined action of the two universal de-excitation
mechanisms for the lower working state of an atom: by plasma
electrons and molecular gases. Hence, the assumption that
in [24] the transfer from self-terminating to collisional lasing
was realised by the new method for the first time, has been
theoretically and experimentally confirmed. This opens a pos-
sibility for obtaining collisional lasing in other active media
and, consequently, in other spectral ranges including the visible
range.
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