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Abstract. Simultaneous lasing on two lines having a com-
mon upper level is analysed. Within the framework of the
two-level model, a formula for the gain in each line is
obtained. Two possible types of line competition are found:
symbiosis and quenching. It is shown that competition in
the quenching regime can be used to study the rates of
population of the lower levels. The results are illustrated
by competition diagrams for the 2.65-pm and 2.03-pm of
the Xe atom in the Ar—Xe mixture and the 703.2-nm and
724.5-nm lines of the Ne atom in the Ne— Ar mixture.

1. Introduction

In a number of experimental studies of lasing in an active
laser medium excited by a gas discharge, an electron beam,
or products of nuclear reactions, simultaneous lasing on
two lines having a common upper level has beens observed.
In this case, two qualitatively different types of interaction
between two competing lines is possible: (1) the output laser
power at both lines monotonically increases with increasing
pump power or (2) lasing on the line with a higher thres-
hold quenches (sometimes totally) the first line characte-
rised by the earlier start of lasing.

The first case is illustrated by the experiment [1], where
the lasing was observed on two lines of the Ne atom at
724.5 and 703.2 nm in the Ne—Ar mixture (pyn. = | atm,
Par = 28 Torr) excited by uranium fission fragments. For
both lines, the laser power monotonically increased with
increasing pump power (Fig. 1a). In the experiment [2], where
the Ar—Xe mixture (ps, = 0.5 atm, px. = 3.8 Torr) was
excited by uranium fission fragments, lasing on two lines
at 2.03 and 1.73 pm was obtained. Lasing on the 2.03-pm
line, which has a lower threshold, completely ceased after
the development of lasing on the 1.73-um line.

A similar situation was observed for the lines of the Xe
atom at 2.03 and 2.65 um excited in the Ar—Xe mixture
(par = 0.25 atm, px. = 1.9 Torr), quenching being caused
by the line at 2.65 um [3] (Fig. 1b). Similar results were
obtained for the Ar-Xe mixture pumped by an electron
beam [4, 5].
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Figure 1. Oscillograms of pump pulses (/) and laser pulses at 724.5 (2)
and 703.2 nm (3) for the Ne atom in the Ne— Ar mixture (pn. = | atm,
Par = 28 Torr) (a) and at 2.03 (4) and 2.65 um (5 ) for the Xe atom in the
Ar—Xe mixture (pa, = 0.25 atm, px. = 1.9 Torr) (b).

The aim of this paper is to classify types of competition
between two laser lines in the general form without solving
the question of mechanisms responsible for the population
of the upper and lower working levels. This classification nat-
urally follows from the expression for the gain in the case of
simultaneous lasing on two lines. The approach proposed
here enables one to make qualitative conclusions and to
obtain some quantitative estimates.

2. Kinetic equations

Consider N energy levels: 1 is a common upper working
level; and 2, 3,..., N are lower working levels. The energy
level diagram is shown in Fig. 2. We use the following
notations: g;,g»,....gy are the level degeneracy multi-
plicities; 1y, T5,..., Ty are the level lifetimes; A5, A3, ...,
A,y are the probabilities of the spontaneous
transitions; and R;, R,,..., Ry are the rates of population
of working levels. The model will take into account the
following processes: the population of the upper and lower
working levels from the continuum with the rates R;;
spontaneous 1 — i transitions; induced 1« i transitions;
and collisional level quenching. We assume that radiative
coupling between the lower levels is absent. Because all the
formulas are symmetric with respect to the subscripts
2 — N, we can make the substitution i < j (i #j =2, 3, ...
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N). In further analysis, all processes in a plasma are as-
sumed to be stationary. This assumption is rather well ful-
filled for nuclear-pumped lasers [1 —3] because characteristic
times of chemical reactions in a plasma (z,, < 10 ms) are
much shorter than the pump pulse duration (z, ~ 1 ps).
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Figure 2. Energy level diagram.

The gain for the 1 — i transition can be determined from
the expression [6]
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where oy; is the cross section for the stimulated 1 — i tran-
sition; n; and n; are the populations of the upper and lower
working levels; ¢ is the speed of light; and v;; and Avy; are
the frequency and Lorentzian width of the 1 — i emission
line. Kinetic equations for level populations have the form
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where [;; is the radiation intensity and /4 is Planck’s con-
stant.

For the gain in the 1 — iline corresponding, we obtain the
expression
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where of; is the initial gain and Ij; is the saturation
parameter. These and other parameters Bijs Ojkcs Wi - - - € TED-
resent coefficients in the expansion of the corresponding mi-
nors of the expanded matrix of system (2) in a Maclaurin
series in powers of /;;. Note that the numerator of ex-
pression (3) is independent of the radiation intensity I;; for
the 1 — i transition. The coefficients in the denominator are
positive and symmetric with respect to the permutation of
any two subscripts i <> j(i #j =2, 3,..., N). This is not
the case for the coefficients in the numerator.

3. The gain

Because expressions (3) are cumbersome, we will analyse
simultaneous lasing on two lines | —iand 1 —j (i #j). In
the presence of the competing 1 — j line, the gain for the
1 — i transition has the form

0
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d;; is the mutual saturation coefficient and f;; is the compe-
tition parameter taking into account the effect of radiation
emitted on the 1 — j transition. For Ij; = 0, from (4) fol-
lows the well-known formula for the gain in one line [6]. All
the other coefficients are obtained from (5) using the sub-
stitution i « j. Gain coefficients «;; and «;; have similar
denominators, with 73;,>0, I};> 0, and J; = J; > 0. The
numerator of expression (4) is proportional to the rates of
population of working levels, whereas the denominator is
independent of these rates and takes into account the effect
of saturation.

In the one-dimensional approximation, lasing on both
lines is possible for of; > k;; and oc?j > kyj, where

i (427)

2L ©)

ki = py; —

is the total loss coefficient for the 1 — i transition [6]; py; is
the distributed-loss coefficient; r%) and rl? are the reflec-
tivities of cavity mirrors (at the 1 — i transition frequency);
and L is the active length of an optical cavity; the form of
expression (6) for the 1 — j transition is similar. One should
differentiate four cases depending on the sign of competi-
tion parameters: (1) §; >0, 8; > 0; (2) B; <0, ; > 0; (3)
B >0,B; <0; and (4) B; <0, B; <O0.



Line competition in gas lasers

677

4. Variants of line competition

Let us analyse different variants of the competition between
laser lines. To simplify the analysis, we neglect the non-
uniformity of the spatial distribution of the total radiation
intensity in the active medium; i.e., the local radiation
intensity is assumed to be equal to the average intensity:
I;;=1,;. In the case of steady-state lasing, the average
gain is equal to the total loss coefficient [6]: &;; = ky;. Under
these assumptions, lasing on two lines can be described by
the expression

iy o
ay ol Bl Ky

In what follows, we take for the rates R of population of
the upper and lower working levels their values averaged over
the length of an active medium and omit the averaging sign
for simplicity. Moreover, we assume that the 1 — i transition
has a lower threshold than the 1 —j transition, i.e.,
kljoc?i > k]foc(l)j. In this case, we obtain from (7)

dly; _ kljﬁij
dr;,  kyp;

®)

From this, it follows that the intensities of lasing on the
and 1 —j lines are mutually dependent. The
character of line competition should be qualitatively
determined by the relation between the signs of competition
parameters f3; and f8;. Consider some different situations.

(1) B; > 0, B; > 0. This variant includes the partial case of
R; = R; = 0 and corresponds to a peculiar kind of symbiosis
of laser lines: For a sufficiently high pump power, lasing
occurs simultaneously on both lines. Therefore, symbiosis
represents the competition regime in which an increase in
the intensity of one laser line is accompanied by an increase
in the intensity of the second line; in this case, the intensity
maxima of both laser lines are observed under the same con-
ditions. The intensity of both laser lines increases with
increasing pump power. For instance, simultaneous lasing
on the lines of the Ne atom at 724.5 and 703.2 nm in the
experiment [1] takes place in the symbiosis regime.

(2) B; <0, B; > 0. In particular, this is valid for t; > 0
and 7; = 0. In this case, the 1 — j line quenches the 1 — i
line because lasing on the 1 — i line completely ceases
when the intensity of the 1 — j emission transition reaches
the critical value

1—1i
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The points where I;; = 0 will be called critical points (Fig.
1b).

Thus, quenching represents the competition regime in
which an increase in the intensity of one laser line causes a
decrease in the intensity of the other line and vice versa.
As the pump power increases, the 1 — j laser line intensity
monotonically increases, whereas the 1 — i line intensity
decreases. As the pump power is increased further, the inten-
sity Ij; reaches a critical value, and lasing on the 1 — i
transition completely ceases at the critical point. From for-
mula (8), it follows that the intensity maximum for one of
the laser lines corresponds to the intensity minimum of the
other line, the convexity of the curve describing the lasing

intensity on one of the lines corresponds to the concavity
of the curve for the other line, etc. For instance, lasing on
the lines of the Xe atom at 2.03 and 1.73 pm (2.65 pm) takes
place in the quenching regime, and the 1.73-pm line (2.65 pm)
quenches the 2.03-um line [2, 3].

(3) B; > 0, B; < 0. Quenching is caused by the 1 — i line,
which, in addition, has a lower threshold. Here, only one sit-
uation is possible: Lasing on the 1 — i transition, which
begins on reaching the threshold, makes lasing impossible
on the second line.

4 B; <0,B; <0. Both lines are of the quenching type,
but the result does not differ from the one obtained in the
previous case because lasing on the 1 — i line makes lasing
impossible on the second line. Note that this case, as follows
from (5), is possible only for g; # g; in a very narrow range of
variation of the population rates R;, R;, and R;.

All the aforesaid is conveniently illustrated in the diagram
of competition of two laser lines (Fig. 3). On the axes, the rel-
ative population rates R;/R; and R;/R; are plotted. If the
electron mixing of levels is insignificant and the gas temper-
ature changes weakly, the dependence of the proportion
R;: R;: Ry on the pump power may be neglected. One
may approximately assume that each combination of laser
mixture, gas temperature, and pump regime is characterised
by a point in the competition diagram. Simultaneous lasing
on two lines is possible only inside the rectangle bounded
by the straight lines R;/R; =0, R;/R; =0, «d =0, oc?j =0.

Ri/R, Lasingonthel — i - Lasingis
line is possble " impossible
o =0 :
Inthe rectangle, lasn'lg or"n both . LA he | — iand
the 1 — iand 1 — jlinesis possible 1 —jlines quench
’ oneanother
/
The 1 — j line quenches Lasingon the
thel — i line 1 — iline
N is possible
e"\j g 0{0_ =0
The | — i line quenches |~V
Symbiosis the 1 — j line
-1 0 Ri/R,
-1

Figure 3. General view of the diagram for the competition of two laser
lines.

The straight lines «); = 0 and oc?,— = 0 divide the first quad-
rant into four domains, which qualitatively differ in the
character of lasing. The spatial region inside the rectangle
is divided, in turn, by the straight lines f; =0 and $; =0
into several domains. Note that the straight line 8; = 0 nec-
essarily passes through point —1, 0, and the straight line
B;; = 0 necessarily passes through point 0, — 1. Depending
on the arrangement of these straight lines, the number of
parts into which the rectangle is divided can change from
one to four.

The only domain that should be necessarily present in
each diagram is the symbiosis domain. Simultaneous lasing
on two lines can take place only in two of four possible do-
mains. For O((l)iklj > oc?jkl,- (the 1 — 7 line has a lower thres-
hold than the 1 — jline), they represent the symbiosis domain
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and the domain where the 1 — j line quenches the 1 — i line.
In two other domains, lasing can be observed only on the
1 — iline. Thus, having constructed the competition diagram
for the desired transition and knowing the competition type
(for example, from the experiment), one can directly find the
region of possible variations of the relative rates of transitions
to the lower levels R;/R, and R;/R,. Additional information
(for example, the output laser power in each line) can be used
to determine the population rates for the upper and lower
working levels as functions of the pump power.

5. Mutual influence of competing lines

One can see from formula (4) that the intensity of radiation
emitted on the 1 — j transition affects the gain for the 1 — i
transition. Let us find the sign of the derivative of «; with
respect to radiation intensity for the 1 — i transmon

docll- .
Slgn d]ll =

157 (0)

—signoy; = sign B;sign [1{7(0) — 1],

(10)

=1if (ki = 0) = —o5i(By) "

Consider a change in the gain for the 1 — j line caused by
an increase in the radiation intensity 7;,. In the case of sym-
biosis, the competition parameter f§; > 0, and an increase in
I; results in a decrease in «;;. A similar effect takes place
when the 1 — iline quenches the 1 — j line. If, on the contra-
ry, the 1 — jline quenches the 1 — iline, we have f8; < 0, and
an increase in /;; may result both in an increase and a decrea-
se in ay;. In this case, the following variants of competition in
the quenchmg regime can be realised depending on /}; (for
O(ll > kll’ O{lj > klj’ :BI] < 0 and ﬁ/’ > O) (1) 0< Il/ < Il/
Lasing can take place on both lines; (2) [;; = = I}j. Lasing
on the 1 — i line vanishes; (3) I}; < Ij; < I;(0). Lasing on
the 1 — i line is impossible, but oy; > 0; (4) L = Ij;(0).
The gain for the 1 — i line vanishes, i.., o;; = 0; (5) 7;;(0)
< 1;;. The induced absorption for the 1 — i line exceeds the
induced gain, i.e., a; < O.

Thus, in the quenching regime with I;;(0) < I;;, the
induced absorption at the 1 —i transmon exceeds the
induced emission, which leads to an increase in the gain
for the 1 — j transition at the expense of radiation absorption
at the 1 — { line. One can use this effect in lasers and ampli-
fiers to increase the lasing efficiency or increase the
quenching line intensity.

Table 1. Characteristics of atomic transitions in Ne.

Consider for illustration the line competition when the
lifetime of the jth level is zero, i.e., 7; = 0. One can easily
see from (5) that all coefficients are independent of the pop-
ulation rate R;. As a result, we have

1
By = —ouyynitiRigigi <0,

11

B = oyyutiti(Ry + Ri)glgfl >0.

In this case, lasing takes place in the quenching regime: The
1 — j line quenches the 1 — i line. Given /;;, one can find
the population rates R{" and R/ at the critical point. The
corresponding formulas have the form

cr
ky 14yl
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Itis interesting to note that the population rate R; of lower
working levels at the critical point is independent of the crit-
ical radiation intensity and depends only on the parameters of
an optical cavity and the characteristics of laser transitions.
This fact can be used to determine the dependence of R;
on the pump power by changing the cavity parameters,
say, by using mirrors with other reflectivities. Indeed, a
change in useful loss has no effect on chemical processes
in a plasma but affects the position of the critical point, which
will correspond to a different pump power.

RY =

12)

6. Calculation results

Calculations were made for the competition of Ne atomic
lines at 724.5 and 703.2 nm [1] and Xe atomic lines at 2.65
and 2.03 pm [3]. The 1 — i transition corresponds to the
lines at 724.5 nm or 2.65 pm, and the 1 — j transition cor-
responds to the lines at 703.2 nm or 2.03 pm. Characteris-
tics of the 3p[1/2],, 3s[1/2]7, and 3s[3/2]; levels and of the
3p[1/2], — 3s[3/2]] and 3p[1/2], — 3s[3/2]; transitions of
the Ne atom are presented in Tables 1 and 2. The Ne—Ar
mixture (pne = 1 atm, ps, = 28 Torr) was used. The trans-
mission of mirrors in the 700—725-nm range was 0.65 and
2.3% [1]. Characteristics of the 5d[3/2]], 6p[1/2],, and
6p[3/2], levels and of the 5d[3/2]] — 6p[3/2], and 5d[3/2]}
— 6p[1/2], transitions of the Xe atom are presented in
Tables 3 and 4. The Ar—Xe mixture (pp, = 0.25 atm,

Transition

o 6 1 10 -1 —14 2
notation Transition A/am A/10°s Av/10" s c/107"* cm

1 —i 3p[1/2], — 3s[3/2]} 724.5 9.4[11] 418] 3.13

1> 3p[1/2], — 3s[3/2] 7032 25[11] 4[8] 7.83

Table 2. Characteristics of atomic levels of Ne.

Levelnotation Level gﬁﬁf&iﬁ;y Trad/S kne/107% em?® 7' kp /107" em?® 57 kane/107* em® 5™ ¢/ns
1 3p[1/2], 3 26.7:107°[11]  1.7110°[14] 6.3[15] 0 1.53

i 3s[3/2]} 3 51-107%[12] 5.1[12] 16[16] 40[12] 6.15

j 3s[3/2]3 5 22.4[13] 0 9.7(16] 4.8[15] 10.37
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Table 3. Characteristics of atomic transitions in Xe.

Transmition

notation Transmition

2/um

A/10° 57! Av/10" 7! a/107" cm?

2.65
2.03

1—i

sd[3/215 — 6p[1/2),

1—j 5d[3/2]y — 6p[3/2],

14.23
13.5

13[7]
25[7]

1.5[8]
1.93[8]

Table 4. Characteristics of atomic levels of Xe.

Degeneracy

Level notation Level multiplicity

Trad/ns

kar/1075 cm?® 57! kxe/107 em® 57!

©/ns

1 5d[3/2)° 3 200(7]

i 6p1/2], 1 224[7]

J 6p[3/2], 3

* Values of constants used in the calculations.

30[7]

1[9]
140* [9]
200(19]
207 [10]
17.6[18]

200[9]
5.8%[9]
5.9[19]
115° [9]
113[18]

523

1.02

18.3

Pxe = 1.9 Torr) was used. The transmission of mirrors was
0.5 and 1 % for the 2.03-um line and 50 % for the 2.65-pm
line [3]. In both cases, an optical cavity had the active length
L =2 m. The lifetime of Xe atomic levels in the Ar—Xe
mixture is determined by the formula

T = tra + kadAr] + kxe[Xel, (13)
where 71,4 is the radiative lifetime and kpu,, kx. are
constants of collisional quenching of the above levels by
argon and xenon atoms. The total reciprocal lifetime of Ne
atomic levels in the Ne-Ar mixture is given by

T = 14 + kp[Ar] + kne [Ne] + kone [Ne], (14)

where kp is the constant of Penning process and kyy. is the
rate constant of the three-body process Ne™ + 2Ne —
Ne; + Ne.

Fig. 4 presents competition diagrams for Xe lines at 2.65
and 2.03 um and Ne lines at 724.5 and 703.2 nm. The
domains with semibold italic lettering correspond to the
results of experiments [1, 3]. Note that the symbiosis domain
for Ne is the dominant one, and therefore lasing on the lines at
734.5 and 703.2 nm can take place only in this regime, which
was observed in the experiments [1]. From Fig. 4b, it follows
that lasing on two lines is much more difficult to obtain in
neon than in xenon because the relative rates of population
of the lower working levels should not exceed 0.2 and small
variations in the concentration of Ar, which quenches the
lower working levels, can cause changes in the laser emission
spectrum. Indeed, in experiment [1], the authors observed las-
ing on the 724.5-nm line for the partial argon pressure pa, =
19 Torr and on the 703.2-nm line for p,, = 61 Torr, and lasing
on two lines was observed only for ps, = 28 Torr.

Because of the relatively short lifetime of the lower work-
ing levels 6p[1/2], and 6p[3/2], of the Xe atom compared to
the lifetime of the upper working level 5d4[3/2], the Ar—Xe
mixture has a considerably lower sensitivity to a change in the
component concentration. The competition diagram (Fig.4a)
shows that simultaneous lasing on two lines is possible even if
the relative rates of population of the lower working levels
exceed unity. Note that, the lifetime of the 6p[1/2], level is

Ri/R,
20

2.03 pm quenches 2.65 um

2.65 umquenches 2.03 um

Symbiosis

R/ R,
Ri/R, = 0.4
Ri/R, =04

703 nm quenches 724.5 nm

0.15 |

Ri/R;
0.25

0.20

Symbiosis b

0.10 |

724.5 nm quenches 703 nm
0.05 |

0 0.05 0.10 0.15

020 R;/R,

Figure 4. Diagrams for the competition of two laser lines of the Xe atom at
2.03 and 2.65um in the Ar—Xe mixture (pa, = 0.25 atm, px. = 1.9 Torr)
(a) and two lines of the Ne atom at 724.5 and 703.2 nm in the Ne— Ar mix-
ture (pne = 1 atm, pa, = 28 Torr) (b).
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of the xenon atom shorter than the lifetime of its 6p[3/2],
level by a factor of about 20, whereas the population rates
of these levels are approximately equal. As a result, the
2.65-um line quenches the 2.03-um line.

To estimate the population rate of the 6p[3/2], level at the
critical point, we set 7; = 0. By assuming that the distributed-
loss coefficients py; and py; are zero, we obtain from formula
(12) that the population rate of the 6p[3/2]; level at critical
points is R}“ ~ 1.2 x 10" s7! cm™>. In this case, the neutron
fluxes at critical points are approximately equal, and their
values are about 10'° cm™ s~' [3] (Fig. 1b). By assuming
that the 5d[3/2]] level of the Xe atom is selectively populated
due to dissociative recombination of the Xe; molecular ions
with electrons [17], the population rate of the 5d[3/2]{ level at
critical points can be estimated as Rf* ~ 3 x 10" s7! ecm™>.
If the relative population rates of the lower working levels
are approximately equal, we have R;/R; = R;/R; ~0.4.
The position of this point in Fig. 4a is indicated by the cross.

7. Conclusions

The analysis of the competition between two laser lines ha-
ving a common upper level suggests the following conclu-
sions:

(1) Two qualitatively different kinds of competition are
possible, namely, symbiosis and quenching. The character
of competition is determined by the signs of competition
parameters.

(2) Symbiosis is possible for those transitions whose lower
working levels differ in characteristics insignificantly and
have close lifetimes, degeneracy multiplicities, and popula-
tion rates. Symbiosis is characterised by parallel changes in
laser line intensities: An increase in the intensity of one
line is accompanied by an increase in the intensity of the other
line, the intensity maxima and minima of the lines coincide
with one another, etc.

(3) The quenching regime is typical of ‘asymmetric’ lines
(strongly different in lifetime or the population rate of the
lower working levels). Lasing in the quenching regime is char-
acterised by antiparallel behaviour. An increase in the
intensity of one line is accompanied by a decrease in the inten-
sity of the other line, the intensity maximum of one line
corresponds to the intensity minimum of the other one, etc.

(4) One can plot a competition diagram for each of the
competing levels. Lasing can be qualitatively different
depending on the population rates of the upper and lower
working levels. To each competition type corresponds a cer-
tain domain of variation of the population rates of the upper
and lower levels in the diagram.

(5) In the case of competition in the quenching regime,
one can obtain at the critical point two relationships between
the population rates of the upper and lower working levels.
The simplest case is obtained for the zero lifetime of the lower
level of the quenching line. In this case, one can theoretically
determine the population rate of lower level of the quenched
line at the critical point. This fact can be used to determine the
population rate of the lower level of the quenched line by
varying parameters of an optical cavity.
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