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Kinetics of He—Hg, Ne—TI, and Ne—Ga active media
in pulsed ion HCD metal vapor lasers
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The dependences of ion laser level density, gain, and output power on the parameters of hollow
cathode discharge (HCD) for Hg", TI" and Ga' lasing transitions pumped due to inelastic thermal
charge-transfer collisions with simultaneous excitation are studied both theoretically and experimentally.
The transitions involved in these processes are 7p 2P—7s 2S and 7p 2P—6d 2D Hg II in He—Hg mixture
and np!3P-ns 1:3S and np 13P—(n—1)d 13D TI II (»=7) and Ga II (#n=5) in the Ne—TI mixture and Ne—
Ga mixture, respectively (these mixtures are most efficient laser media for pulsed HCD lasers). A
detailed kinetic model is developed based on statement that the total charge transfer rate for all pumped
metal levels is equal to buffer gas ionization rate because in HCD negative glow (NG) the decay rate of
the buffer gas ion by charge-transfer process is higher than that due to ambipolar diffusion. This model
allows for the collisions of excited metal ions with thermal electrons and atoms that lead to ion
excitation or de-excitation and uses the transition probabilities calculated in the Coulomb approximation
with the account for resonance trapping. It also uses the partial charge-transfer cross sections calculated
based on Landau—Zener theory and the Wigner’s spin rule and corrected against the experimental data.
The NG thermal electron temperature and other discharge parameters typical of HCD are calculated. The
results calculated for the known laser transitions are in a good agreement with the experimental data and
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are used for prediction of laser parameters on new IR transitions.

Introduction

The advantages of negative glow (NG) of hollow
cathode discharge (HCD) for excitation of the lasing
transitions by inelastic collisions in plasma over positive
column discharge are generally known. For the first
time, the HCD was used in atomic neon laser, however,
then it was found that HCD is more efficient for ion
transitions in metals and heavy inert gases. The number of
such lasing media now reached 26, and the number of ion
lasing transitions in them equals 280 (Refs. 1 and 2).

Since the HCD lasers tend to generation of a
spatially inhomogeneous discharge, the optimum pump
power has been obtained for only few transitions in the
stationary mode of operation, whereas the output power
at the rest lines does not reach maximum values. At the
same time, if short (0.1-10 ps) pulses are used to excite
the discharge, the discharge inhomogeneities have no time
to develop and the optimum pump level can be applied to
the medium. In this case, the mean deposited power and
the output power can be controlled by varying the
pulse repetition frequency.

Regardless the facts that the first HCD lasers were
excited by microsecond pulses,! the power and plasma
characteristics of even most efficient pulsed HCD lasers
(mercury, -3 thallium,36 gallium,? krypton,8 cadmium,
and zinc! lasers, as well as lasers using mixtures of
these elements as an active medium) are not still
thoroughly studied.

Lasing at three mercury ion doublet transitions
7p 2P3/2y1/2_78 251/2 and 7p 2p3/2_6d 2D5/2 was
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observed in a mixture with helium in both pulsed and
stationary HCD, and the orange line with the
wavelength of 615 nm (7p 2P5,9—7s 2S; /o transition)
had the best characteristics: the pulse power and the
mean output power were, respectively, 22 and 0.88 W
at the current pulse duration of about 1 ps, the pulse
repetition frequency of 40 kHz, the cathode diameter of
2 cm, and the length of 40 cm (Ref. 3). (The term
diagram of the mercury ion can be found in most of the
reference books.) The energy of excitation of the upper
72P levels is close to the energy of ionization of helium
(24.56 eV), and the mechanism of pumping the lasing
7p 2P—7s 2§ and 7p 2P—6s 2D transitions in the He—Hg
mixture is an exothermal reaction of charge-transfer
collisions of the buffer inert gas (helium) ions with
metal (mercury) atoms with the subsequent ionization
and excitation of the latter. This reaction occurs in the
gas-discharge plasma at particle thermal rates!=3:

R) + Mg => Ry + M (7p P)) + AE(x), (1)

where Ry and R{ denote helium atoms in the ground

and ionized states, and M, and M*™™ denote mercury
atoms in the ground state and excited mercury ions;

AE(w) is the energy difference between Ry and M** at
a sufficiently large separation between the particles.
The total effective charge-transfer cross section in the
Het™—Hg mixture exceeds the gas-kinetic one:
Ototal =1 40714 cm2 (Ref. 1).

Lasing at thallium ion transitions was observed at
F-D TI II transitions in a mixture of thallium vapor
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with helium and, with a far higher efficiency, on the
P-S TI II transitions in a mixture with neon.!45 The
most attractive, from the viewpoint of possible
applications, is lasing at the yellow Tl II line with
A =594.95 nm (7p3 P,° — 7535y transition). At this
line, the pulse power and the mean output power in the
repetitively pulsed mode in HCD (27 W and 285 mW,
respectively3), like in mercury, exceed by several orders
of magnitude the power in the continuous-wave (cw)4
and quasi-cw® modes.

The diagram of the Tl IT lower singlet and triplet
terms is depicted in Fig. 1. The mechanism of pumping
of all known laser singlet and triplet 7p 13P-
7s 1,3S transitions in the Ne—Tl mixture is the charge
transfer collisions of the buffer inert gas (neon) atoms
with thallium atoms.4 The total effective charge-
transfer cross section in the Ne—TIl mixture is Qtotal =
=3 010" cm™2 (Ref. 4).
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Fig. 1. Diagram of the lower energy levels of thallium ions
(transition wavelengths, in nm, are given nearby the arrows).

The ion spectrum of gallium is similar to that of
thallium, the known lasing 5p!3P—4s!:3S transitions in
gallium ion are also populated due to charge transfer
process in Ne—Ga mixture, and the gain achievable in
HCD is of the same order of magnitude as in thallium.”

Below we consider the kinetics of formation of the
population inversion at known ion lasing 7p2P-7s2S
and 7p 2P—6d 2D Hg 11 transitions pumped in the HCD
plasma due to charge transfer at collisions of helium
ions with the mercury atoms, as well as at np !:3P—
ns!:3S thallium (n = 7) and gallium (n# = 5) transitions
pumped due to charge transfer at collisions of neon
ions with metal atoms. The inversion and the gain at
np 13P — (n—1)d 3D TI1I and Ga Il IR transitions
potentially suitable for using as an active medium in
Ne—TI and Ne—Ga HCD lasers are calculated as well.
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Computational technique

The HCD plasma is generated at a sufficiently low
pressure of the main (buffer) gas usually not exceeding
20—-30 Torr. This fact significantly simplifies the analysis.
A feature of the HCD NG is sufficiently high optimal
pressure and the concentration of ionizable metal atoms
(0.1-0.3 Torr and [2 010'-1016 cm™3), roughly, two
orders of magnitude exceeding the concentration of the
metal in the positive column. Nevertheless, the number
of fast primary electrons in the HDC NG is larger than
in the Maxwell distribution. This is explained by the
unique process of electron acceleration in the cathode
dark space and determines high efficiency of ionization
of the buffer inert gas (in the helium or neon mixtures
considered here) and high efficiency of further energy
transfer to metal ions in the charge transfer process.

The number of slow “secondary” (thermal) electrons
ntherma]

with the nearly Maxwell distribution and the
temperature T, 00.1 ... 1 eV that arise at ionization is
also increased.

As we have shown earlier,!=3 the pulsed mode of
HCD is characterized by higher density and energy of
fast electrons, whose number achieves limiting values
already in 0.5 to 1 ps after the beginning of the current
pulse, with the number of slow electrons monotonically
increasing in time. We can believe that the number of
electrons in both of these groups varies proportionally
at the constant duration of a current pulse with the
varying amplitude. Thermal electrons give rise to
electronic excitation and de-excitation of energetically
close levels. For most of the transitions pumped by
charge transfer, this leads to saturation and breakdown

of inversion at some, specific for every transition, critical

concentration (nthermal)cm. Earlier we have found this

effect for the He—Hg mixture.?

For the Doppler profile of the lasing transition of
an ion metal-vapor laser between the upper (i) and
lower (k) levels, whose population density is,
respectively, N; and Nj, the unsaturated gain is

a=1.700% (u/7'"* A

= N/ gr} Xiks )

Ajg N, %
% gi {N;/gi

where A;p is the wavelength, in nm; g and T are the

mass of the ion M*™" and the gas temperature, in K; X;z
is the factor of isotopic and (or) superfine splitting of a
line, x < 1 (isotopic splitting takes place for the Hg II
transition with A =615 nm, and superfine splitting
prevails over the isotopic one for Tl II and Ga II ion
transitions!%); ¢ is the statistical weight of a level,
g = 2J + 1; A;p, is the Einstein coefficient.

The populations N; for the .S, P, and D levels of
mercury, thallium, and gallium ions that are needed in
calculating the gain at np P-ns.S and np P — (n—1)d D
transitions of Hg I, TIII (n=7), and Ga Il (n=35)
(see the diagram for Tl IT in Fig. 1) were calculated by
solving the system of kinetic equations allowing for all
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transitions between the levels possible in low-pressure
plasma:

total
le‘/dt: El‘(Wch_t)oa + ZAJZ N]‘+
ji

thermal R{,R R
+ Z {<qmi V> Mg + <Qmi V> NO +
m#i

My, Mo M ~
+<Qpi V> No} Npy— 3 {Aip + 8io Aio} N; —

k<i

thermal Ry{,R R
- Z {<qim V> Mg + <Qim V> NO +
m#i

+<0;, MVM> N NG =0, 3)

where W, = Ei(WCh_t)tOtal is the rate of pumping this
level directly by charge transfer; &; is the coefficient of
partial charge transfer to the given level; (&; <1, and
> & =1); gio Ajp is the probability of the resonance
transition of the My ion into the ground state with the
allowance for radiation trapping; g is the Iberian —
Holstein factor,!! <q,,; v,> and <g;,, v,> are the
constants of excitation and de-excitation of the itch
level at collisions with thermal electrons!; <Q,,; RyRs.
<Qmpi MyM> and <Qim RyRs. <Qim MyMs are the same
at collisions with the neon (R) and metal (M) atoms:

6 —1,/2 —1
<Gpi Vo> = 3.2 010 6 fmi Te ’ D&y G/ 935

—1,/2

- -1 —1
<qim Ve> = 3.2 010 6 fmi Te Agy, exp = T, Asimp)v

Ry/R Ry/R —1
<Omi V'>=<Qjy V"> exp (= Tg Asinzp)’
<Omni MyMs = <Qim My M exp (= T; De;y,),

fmi is the oscillator strength of a transition; T, is the
temperature of thermal (slow) electrons, in eV; Ty is
the gas temperature, in eV; Ag;,, is the energy
difference between levels, in eV; VR and V™ are the
relative speeds of buffer gas—metal and metal-metal
atoms, respectively. The Einstein coefficients A; were
calculated in the Coulomb approximation, which is
well satisfied for Hg 11, T1 II, and Ga II.

For the ith upper metal lasing level, taking into

account that the buffer gas ions (Rg) leave this
elementary volume at low pressure only due to diffusion,
recombination, and charge transfer, we obtain

B W(R") N(My) &; Kt
Wi =R + N(Mp) Kepy

(4)

where W(R") is the gas ionization rate; N(Mg) is the
concentration of metal atoms in the ground state; K., =
= <QV, > is the charge-transfer reaction constant, Q
is the total charge-transfer cross section; V., is the
relative speed of the R* and M, atoms before the
interaction; &;Q is the cross section of partial charge
transfer to the ith level, V(R") is the total rate of
deactivation (departure) of the buffer gas ions R* from
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the volume diffusion and
recombination).

At the concentration of metal atoms in the HCD
NG plasma N(Mg) = V(R") /K¢ 01015 cm™3 (what is
optimal for ion HCD lasers), destruction of ions of the
buffer gas R through the charge transfer turns out to
be the main mechanism of their deactivation (the first
term in the denominator of Eq. (4) is far smaller than
the second), and then912

(through ambipolar

W; 0& W(RY). (5)

The total rate of charge-transfer pumping of all metal

levels ( Wch_t)tOtal is equal to the rate of ionization of
the buffer gas:

(Wer )™ = 3 & W(R") = W(R") (6)
1

and independent of the charge-transfer cross section.
Believing that the function of ionization of the
buffer gas ¢;(¢), as well as the electron energy
distribution function, above the gas ionization threshold
is a slowly varying function of the energy of fast
electrons € and neglecting the contribution of electrons
with the energy near the ionization threshold &y, to
ionization, we obtain for W(R™) the following expression:

Wmﬂ:M&)Jﬂwmws@z

E=E¢hr
=An£a5t ~ Bn‘zhermal. 7)

On the other hand, since slow secondary electrons
are generated at every buffer gas ionization event, we
can obtain from the continuity equation that

W(R"') = (VSif + V;ecomb) n‘zherma], (8)

i.e., the constant B in Eq. (7) has the meaning of the
sum frequency of diffusion and recombination departure
of electrons from this volume element. In this case, if

Vglf > Vgecomb, then B = v(c?hf'

Results and discussion

Despite the fact that the charge-transfer reaction
in the helium—mercury vapor mixture is being
investigated for a long time, because the He—Hg laser
was the first ion metal-vapor laser, the results of
determination of the cross sections of partial charge
transfer to the 72P, 725, and 62D levels of Hg II are
rather contradictory (see Table 1a). Actually, the
measured rates of pumping the lasing transitions in a
stationary discharge!4 (when the processes of level
mixing by collisions with electrons are weak) and by
the methods of modulation in a pulsed discharge!6
confirm the first calculated data!3 that the level
7p?P3 /5, for which the energy defect AE(e) is the
lowest one is, roughly, populated by an order of
magnitude denser than the level 7p2Py /5, as well as
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than the levels 7s2S and 6d2D. At the same time,
according to data from Refs. 15 and 17, the cross
sections of partial charge transfer to the levels 7p2P3 /o
and 7p?Py /o are close, and according to Ref. 18 the
ratio of these cross sections (and the coefficients &;)
turns out to be reverse for them. In this connection, we
calculated the coefficients of the partial charge-transfer
&; by the Landau — Zener theory!3:19 for all levels of the
mercury ion with 0 < AE(x) < 1.5 eV, including the
Beitler levels, so that Z§ = 1. The values of these
coefficients are given in Table 1a. The levels 4Dy /5 and
4D7 9, for which the Wigner’s spin rule does not
usually work, were excluded from the consideration.

Table 1a. Coefficients of the partial charge transfer
at collisions with He" to different ion levels

of Hg II (§; = Q})artial / Qtotal)

Levels
Parameter -
7p 2P3/2 7p 2P1/2 IGd ZDS/Z 6d 2D3/2
AE(), eV 0.27 0.72 1.06 1.18
&
This work 0.22 0.023 0.038 0.025
Ref. 13, rel. units 78 12 5.8 4.2
Ref. 14 0.22 0.03
Ref. 15 0.65 0.35
Ref. 16, rel. units 20 3.6 2.4
Ref. 17, rel. units 7 8
Ref. 18, rel. units 4.97 80.2 0.548 1.89

The data on the cross sections of partial charge
transfer at collisions with neon to the levels np 3P and
(n—=1)d 13D of the thallium (n=7) and gallium
(n =15) ion are absent in the literature. Therefore, we
calculated them as well based on the Landau— Zener
theory for all TIII and Gall levels with
0 < AE(w) <1.5eV with the allowance for the
Wigner’s spin rule (see Tables 1b and c).

Table 1b. Coefficients of partial charge transfer
at collisions with Ne* to different ion levels

of TIII (§; = anrtial /Qtotal)

Levels
7p3Py|7p 3P| 7p 3P| 7p 1P1[6d 3DJ6d 3D1]6d 3D,
AE(w),ineV] 0.33 0.64 0.66 028 0976 1.02 1.06
& 0.40 0.073 0.023 0.28 0.1 0.074 0.04

Parameter

Table 1c. Coefficients of partial charge transfer
at collisions with Ne* to different ion levels

of Gall (§; = QFartial/QtOtal)

Levels
Parameter
5p3P, | sp3py | spdpy | spip
AE(w), in eV 0.84 0.87 0.88 0.62
& 0.37 0.22 0.08 0.33

It can be seen that for TI II the coefficient of
partial charge transfer is maximum (&; = 0.4) for the
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level 73P, due to the lowest energy defect AE(e) for
this level and its highest statistical weight ¢;. For the
Sp 1Py and 5p3Py 4 levels of Gall, the values of
AE;(0) are close and the partial coefficients &; are
roughly proportional to their statistical weights g;.

Atom-atom collisions play a significant role for
transitions between the multiplet levels 7p 2P of Hg II,
7p13P of TIII, and 5p 3P of Gall. Their cross
entering into <Q,,; RVR>, <Opni My M
and <Qjy, RyRs. <Qim MyMs were calculated using
data from Ref. 20 and had the values of about
10716-10715 ¢cm? for the Hg™—Hg, TI*-TIl, and Ga*—Ga
collisions and 10718 cm? for the Hg*—He, TI*—Ne, and
Ga*'-Ne (Ref. 21) collisions. The frequencies of the
direct and inverse transitions were related using the
principle of detailed balance. !!

The values of the
N;(M™) /g;W(R*)  (where g¢g;=2J;+1 is the
statistical weight of the level) as functions of nzhermal
found for each mixture from solution of the systems of
kinetic equations are specific for every type of levels.

Figure 2 depicts the reduced population for the
singlet (Fig. 2a) and triplet (Fig. 2b) levels of TI II. It
can be seen that for small ng‘“er”"‘" the reduced level
density is constant, and the deEendence of N; on W(R")
is close to a linear one. As ng ermal i creases (with the
increasing current density), the level density is
redistributed mostly due to de-excitation collisions with
the electrons and atoms. As a results, the upper levels (P
and .S) are additionally de-populated (the reduced level
density tends to decrease), whereas the lower levels
{(n=1)D and (n—1)P} are additionally populated
(the reduced level density begins to grow, achieves the
maximum, and then decreases).

At the same time, for the resonance doublet
7p2P3 94 /9 levels of HgII and the resonance singlet
7p 1Py levels of TIII and 5p 1Py levels of Gall, their
lifetime increases monotonically with the increase of
the electron density because 7, = N(Mg) (Ref. 9) and
due to trapping of the resonance radiation. At the
intermediate values of ni"™ (1013 ¢cm™3 for T1II in
Fig. 2a), this even increases somewhat the reduced
level density.

The point of intersection of the curves for the pairs
of the levels P—S and P—D connected by an optical
transition corresponds to disappearance of the
population inversion and gives the value of ngritical
(i.e., inversion occurs at 7, < ng“““”). The value of
néteal qecreases with decreasing T,. Thus, for the TI II
transition 7p3P,°=7s3S; (A =594.95 nm) at T, = 0.5
and 1.0 eV, the critical density ngritical equals 2 (1014
and 3.5 01014 ¢cm™3, respectively.

The dependence of N;/g;W(R") on n"*™ for the
four transitions in Hg II, nine transitions in Tl II, and
eight transitions in Ga II was used in calculating the
dependence a;,/ W(R") = ¢(nf,herma]), as well as the
dependence a; (™) = o, (Jgisen), by Eq. (7).

sections

reduced level density
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Fig. 2. Dependence of N;/g;W on the electron concentration
n, for singlet (a) and triplet (b) levels of Tl II; Fig. 2a: the
level 7p'Py (curve 1), 7s1Sy (2), 6d'Dy (3); T.=0.5¢V;
Fig. 2b: level 7p3P; (1), 75351 (2), and 6d°D3 (3).

Table 2a gives the values of the gain aj;, as well as
the corresponding values of (nt"*™)°P and g, . for
p g e opt
these transitions at a fixed, typical of HCD, value of the
electron temperature T, = 0.5 eV. This corresponds to the
fixed duration (about 0.5 ps) of the discharge current
pulse. It also gives the line splitting factors X
calculated for all transitions according to Ref. 10 and
checked by us earlier for the P—S transitions of TI II
(Ref. 5). Since Eq. (2) includes the factor ¥X;;, the
obtained value of ajy™ can be compared with the
available experimental data. Therefore, Tables 2a—c also
give the experimental values of the gain for transitions in
the visible range measured in Refs. 1, 3, 5, and 7. It can
be seen that the ratio of theoretical a;, calculated
in relative units and the ratio of experimental ofj"
for the well known most intense lasing lines agree
rather well.

Table 2a. Calculated and measured gain a; for transitions
of Hg II (T, = 0.5 V)

oexp,

A nSPt x ] a, | 1072

Transition % 1013, Pt | x | rel. | em™!

nm cm™3 A/cm units | Refs.1

and 3

702P3 27525, 5 |6149 13 09 03 0012 7.0

Tp2Py 5-Ts2S) 5 7945 7.9 054 1 0.0125 8.0
7p2P3 »—6d2Ds 5 [1555 260 18 0.3 1
TPy ~6d2Ds 5 | 3016 440 30 1 0.75

1
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Table 2b. Calculated and measured gain a;z, for transitions
of TLII (T, = 0.5 eV)

aexp,
ng’" a, | 1072
Transition A, x 1013 Jopt: X rel. cm’{
nm »|A/cm? .
cm-3 units. | Refs. 3
and 5
Tp3Py=7s3Sy | 594.9 4 0.9 0.42 0.16 3.5
Tp3P=7s3S; | 696.7 0.2 0.022 0.39 0.00046 -
Tp3Py=7s3S1 707.0 1.1 0.17 0.47 0.0041 0.9
Tp'P1~7s'Sy | 695.0 1.5 0.17 0.47 0.074 2.0
Tp'P=7s3Sy | 582.9 5 0.55 0.39 0.0018 0.3
7p3Py—6d3D3 | 1922 30 2.4 0.57 1
7p3P1—6d3Dy | 3179 80 6.9 06 023
Tp3Py—6d3D¢ | 3111 200 27.7 0.67 0.13
p'P1—6d'Dy | 1385 200 20.7 0.6 0.85

Table 2¢. Calculated and measured gain a;; for transitions
of Ga Il (T, = 0.5 eV)

Nopt x o (xexpy
Transition A x 201:5 JOPt’. X rci. 1072, em!
nm " |A/cm? h ?

cm—3 units Ref. 7
5p3Py—5s3Sy | 633.42 2 0.34 0.32 0.26 5
5p3P1—5s3Sy | 641.94 1 0.31 0.24 0.11
5p3Py—5s3Sy |645.82 3.5 0.48 0.3 0.05
5plP1=5s'Sy | 719.87 2 0.28 0.08 4
5p3Py—6d3D3 | 2061 40 4.1 1
5p3P1—4d3D, | 2139 20 41 0.5
5p3P1—4d3Dy | 2128 20 5.5 0.25
5pPPy—4d3Dy | 2169 20 5.5 0.27
5plP—4d'D, | 779.97 1 2.05 0.24 3.5%

* Optimal current density was not achieved.

Among the charge-transfer transitions in thallium
and gallium of the same type, the lowest optimal current
is observed for the transitions, where de-excitation by
transitions (mostly by the P—D channel) is the least
significant, and the cross section of partial charge
transfer is smaller (7p3Py o of T1 II). Nevertheless, even
for the 7p3P,°~7s3S| transition in TI II, it is just the
de-excitation by electrons that is responsible for
saturation of the output power.

The calculated results explain qualitatively the
experimental time behavior of the laser power at lasing
lines. Thus, for the 594.9-nm TI II line, similarly to the
situation described in Ref. 9 for the 615-nm Hg IT line,
as the current pulse of the optimum amplitude becomes
longer, the gain and the output power saturate within
1.5-2 ps and then decrease, and at T=2.5pus the
inversion breaks.

The calculations have shown that slow electrons do
not change the level density of lasing 7p3Py°—7s3S;
TIII levels at the discharge current density
J £0.5 A Oem™2 and the current pulse duration T<1 ps.
However, at longer pulses (about 1.5 ps and longer) the
population inversion at the levels decreases sharply down
to complete disappearance at 1T =3 ps. This occurs
mostly due to the de-excitation collisions of metal ions
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with thermal electrons that decrease the level density of
the upper lasing level and increase the density of
neighboring 63D levels. The process of quenching is
more significant for Tl II transitions from the levels
7p3Py o energetically close to the levels 63D. It should
be emphasized that in the HCD laser this process
becomes possible, due to the specific electron energy
distribution, not only in the afterglow of the discharge
plasma (as in positive column), but also during the
current pulse.

It is obvious that as the current pulse becomes longer,
the optimum amplitude of the current must decrease for

n, does not exceed ngri“‘*“. It is just this effect that is
observed experimentally. It qualitatively demonstrates
the significance of taking into account the electron de-
excitation for all transitions. On the contrary, in the
first fractions of a microsecond, because of small n,, the
process of electron de-excitation becomes to play the
role at a several times higher current. In this case, the

rate of transition excitation by fast electrons for such T,

when n, < ngrm“‘l, is by the same factor higher.

It is seen from Tables 2a and b that in addition to
P-S transitions, lasing at which was observed earlier,
this analysis points to the existence of inversion and,
consequently, predicts the possibility of lasing at the
IR transition of HgII with A =3016 nm, four IR
transitions of Tl II in the range of 1385-3179 nm, most
intense of which have A = 1922 and 1385 nm, and three
transitions of Ga II in the range of 2061-2169 nm, the
most intense of which has A = 2061 nm. The unsaturated
gain at these IR transitions exceeds by four to six times
the gain at the most intense 7p3Py~7s3S; transition of
TI II and 5p3P,—5s3S; transition of Ga II, and the value
of ng”“c‘*‘ is an order of magnitude higher, what extends
the range of the amplitude and duration of a current
pulse needed in the experiment.
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