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Study of parameters of simultaneous lasing
on two lines sharing an upper level

A.A. Pikulev

Abstract. Stationary lasing at two competing lines sharing an
upper level is studied. Based on the expressions for the gain
obtained earlier, the possible lasing regimes are considered (at
one or two lines) and approximate formulas are derived for
determining the output power in each line. These formulas are
shown to be the generalisation of the Rigrod formula to the
case of simultaneous lasing at several lines.
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1. Introduction

The effect of competition between two and more laser lines
sharing an upper level is well known and was described in
detail in the literature devoted to the experimental studies
of lasing at transitions in inert gases pumped by uranium
fission fragments or an electron beam [1—4]. Despite this,
the effect of competition has not been adequately studied
theoretically so far. In paper [5], the expression for the gains
at simultaneous lasing on several lines was obtained based
on the three-level model of a plasma laser. The study
performed in paper [5] showed that two qualitatively
different cases of the interaction between two competing
lines exist during stationary lasing: symbiosis and quench-
ing. In the case of symbiosis, the output power in both lines
increases monotonically with increasing pump power. In the
quenching regime, lasing at a line with a higher threshold
quenches (sometimes completely) the line at which lasing
begins earlier.

Although the numerical methods that allow one to
calculate the parameters of simultaneous lasing at any
number of laser transitions are popular at present, they
are not always can be used. This is explained by the fact that
the rate constants of plasma-chemical processes in most
gaseous mixtures and the radiation parameters of many
levels and laser transitions are unknown or are known only
approximately, and it is impossible to calculate reliably the
lasing parameters in many cases. For this reason, the
solution of the inverse problem of finding the parameters
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of an active medium from known lasing parameters
obtained in experiments is quite urgent.

To do this, it is desirable to have approximate expres-
sions that relate the parameters of a cavity and an active
medium with the output power in each line. In the case of
one laser line, such expressions were derived in papers [6, 7].
These expressions (especially the Rigrod formula [6]) are
widely used for determining the parameters of an active
medium from the measured output power.

In this paper, we determine the parameters of stationary
lasing at two competing lines sharing an upper level. The
main attention is devoted to determining the lasing regime
(at one or two lines) and deriving approximate expressions
for the output power.

2. Basic relations

Consider stationary lasing at two competing lines sharing
an upper level. We denote the upper working level by figure
1 and the lower levels by letters i and j. It was shown in
paper [5] that the gain at the 1 — i transition can be found
from the expression
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where « is the initial gain; I} and I} are saturation
parameters; J is the mutual saturation coefficient; and f; is
the competing parameter. To obtain the expression for the
gain at the 1 — j transition, the replacement i < j should be
performed in (1). Let us introduce the notation
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It follows from (1) and (2) that for /; = Ijo, the gain o; = 0,
so that I and I,—0 can be called the ‘zero-gain intensities’.

In the case of stationary lasing in the one-dimensional
approximation, the radiation intensity /; inside the cavity is
described by the equations [6—9] (radiation propagates
along the z axis)
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iz (“i—Pi)1f+,E: —(y—p)I =1+ 1, (3)

where p; is the distributed loss coefficient; /;" and /; are the
intensities of electromagnetic waves propagating from the
left to the right and from the right to the left, respectively.
Let us denote the reflection coefficients of the left and right
cavity mirrors for radiation at the 1 — i transition as ry;
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and r,;, respectively. We assume that the left end of the
cavity is located at the point z = 0, while the right end is
located at the point z = L, where L is the cavity length.
Equations (3) are integrated under standard boundary
conditions.

In the case of stationary lasing, the relations [7]
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are satisfied, where k; and k; are the total loss coefficients,
and (...) means averaging over the optlcal cavity length. We
can show that two points z; and z] exist inside the cavity at
which the system (4), taking into account (1) and (2),
assumes the form
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where I =I(z) and If =I(z)) are the ‘operating

intensities’. The relations (5) are valid when the sign of
the initial gains does not vary within the cavity. This
condition is satisfied in the presence of pumping.

From system (5), we obtain the relation
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We assume below that the 1 — i line has a lower threshold
than the 1 — jline, i.e, (&)k; > (o)k;. When this condition
is satisfied, the expression in the parentheses in (6) is posi-
tive. Let us introduce the notation
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where I;" is the critical intensity of the 1 — j line at which
lasing is terminated [5]. The expression for If" is obtained
by interchanging subscripts i < j in (7).

Let us calculate now the intensities /;* and /;". In the case
of lasing at one line, we have
0 0
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where Il ) and I
lasing at one hne

In the case of lasing at two lines, the intensities /" and I/
can be calculated fron system (5). By substituting expression
(6) to the second equation of system (5), we obtain the
quadratic equation

are the ‘operating intensities’ during
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If (Bl;/-) > 44,Cy, the solutions of equation (10) have the
form
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For (o; )k > (o 9k;, only two variants are possible when

lasing can occur snnultdneously at two lines [5]:

(1) The 1 — j line quenches the 1 — i line, i.e., I0 > 0 and
I’ <0. In this case, when the threshold is exceeded
() > k;), lasing at the 1 — i line appears, and then, at
I > If", lasing at the 1 — j line appears, which reduces the
lasing intensity at the 1 — i line. For I/ > Ii", no lasing
occurs at the 1 — i lines. We take the minus sign in
expression (11).

(i) The 1 — i and 1—>j lines are in symbiosis, i.e.,
I? <0 and 10 < 0. If (o ) > k;, lasing appears at the 1 — i
line and then at I > I,”, lasing also occurs at the 1 — j line
and then the lasing intensity increases proportionally at
both lines. We take the plus sign in expression (11).

These two cases are shown in Fig. 1. The regions where
lasing occurs at one line or at two lines simultaneously are
shown in Tables 1 and 2 based on Fig. 1.
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Figure 1. Diagram of lasing at two lines in the case of symbiosis («) and
quenching (b) (the arrows show the change in the operating lasing
intensities during a parametric increase in the pump power).

Table 1. Regions of the lasing diagram in the case of symbiosis.

Line 0<Ii<IT II> I
1 —i lasing lasing
1 —j no lasing lasing

Table 2. Regions of the lasing diagram in the case of quenching (the
1 — j line quenches the 1 — i line).

Line 0<Ii<I" I'>L I <IT I'> LI > I
1 —i lasing lasing no lasing
1 —j nolasing lasing lasing

3. Approximate expressions for the lasing
intensity

We will derive approximate expressions for the lasing
intensity by using the two approximations:

(i) We approximate the distribution of the radiation
intensity inside the cavity by a catenary by assuming in (3)
that o; ~ («;), o; ~ (o) and expressing the lasing intensity in
terms of the average radiation intensity in each line.
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(i) We make the replacement (I;) ~ I, () ~ I in the
expressions obtained.

According to the first approximation, we set o; ~ (x;),
p; = {p;) in expressions (3). Then, we obtain the radiation
intensity at the 1 — i line

exp(— ()2 —
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The radiation intensity averaged over the cavity length is
described by the expression
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By wusing the second approximation, we obtain the

expression
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for the total output radiation intensity.
The output radiation intensities at the left and right ends
of the laser are
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where the subscripts 1 and 2 refer to radiation emitted from
the left and right cavity mirrors, respectively. By substitut-
ing the intensity Ii*m (8) to expressions (15), we obtain the
known Rigrod formulas for the case of lasing at one line [6].
Note that Rigrod obtained his formulas from the exact
solution of the system of differential equations (3). For the
1 —j line, the same procedure should be performed (the
subscript interchanging i < j) with expressions (8) and (15).

4. Conclusions

We have determined the power of stationary lasing at two
competing lines sharing an upper level. The study was
based on the expressions for the gain obtained for
simultaneous lasing at two lines [5]. The main attention
was paid to the determination of the lasing regime (at one
or two lines) and the derivation of approximate expressions
for the lasing power in each line.

The introduction of the concept of the ‘operating
intensity’ allowed us to generalise the results obtained in
other papers for the case of lasing at one line to the case of
simultaneous lasing at two and more lines. We considered
lasing in the cases of competition between two lines in the
symbiosis or quenching regimes, derived expressions for
determining the ‘operating intensities’, and developed the
method for determining the lasing regime (simultaneous
lasing at two lines or at one line). Our analysis showed that
the critical radiation intensities introduced in paper [5] serve
as boundaries of the regions of lasing regimes.

We derived the expressions for measuring the lasing
intensity at two lines, which are generalisations of the
Rigrod formulas obtained for lasing at one line.
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