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The temperature dependence of the optical gain is studied theoretically. A detailed calculation of the 
optical gain for the C3Ilu - B3Ilg transition in the nitrogen molecule, corresponding to ultraviolet 
laser action, is made at temperatures between 400 and 50°K for two limiting cases of (fast and slow) 
rotational relaxation. It is shown that a redistribution of the laser power among the rotational lines 
and a significant increase in the optical gain should take place upon cooling. It is established experi
mentally that, in accord with the calculations, the maximum of the laser power output shifts toward 
lower Jon cooling, while the optical gain increases significantly. At low temperatures, a new os
cillation on the 1 - 0 band (edge at 3159 A) of the same band system in nitrogen is detected. Its rota
tional structure is identified. When the gas is cooled to a temperature near that of liquid nitrogen, the 
total laser output of the ultraviolet oscillation increases by a factor of ~ 1. 5, and for the infrared by a 
factor of 1.35. The laser power output in the weak bands increases to a much greater extent. The ex
citation mechanisms for ultraviolet and infrared oscillation in molecular nitrogen are discussed on the 
basis of the temperature dependences obtained. 

1. INTRODUCTION 

IT has been shown recently that the temperature of the 
working gas significantly affects the operation of gas 
lasers. In particular, it has been shown that the power 
output of a helium-neon laser decreases upon cool
ing.c1-4J On the other hand, it has been shown that a de
crease in the temperature of the working gas improves 
the operation of lasers in the vibrational-rotational 
transitions in molecules.[s,eJ A theoretical analysis of 
the effect of temperature on the optical gas in vibra
tional-rotational transitions was presented by PatelPJ 
The effect of temperature on the operation of other types 
of gas lasers remains virtually unstudied. 

There is great interest in the study of the effect of 
the operating gas temperature on the properties of the 
laser output, for lasers using the electron transitions 
in diatomic molecules. As is well known, the highest 
peak power output is achieved by such lasers, reaching 
1 MW.=8 ' 9 J On the other hand, on the basis of data on the 
temperature dependence on the vibrational-rotational 
transitions, one can also expect a strong temperature 
dependence for generation by electronic transitions in 
molecules. 

In the present research, we studied the effect of tem
perature on the properties of laser action in electronic 
transitions in nitrogen molecules. :s -lej The principal 
attention is paid to ultraviolet oscillation. Some pre lim
inary results were published by us earlier.L: 17 J 

2. THEORETICAL DISCUSSION OF THE OPTICAL GAIN 

Further discussion is carried out under the following 
assumptions: 1) the molecule is regarded as a rigid 
symmetric top;[lBJ 2) the case of Hund coupling a is 
achieved; 3) the wave function of the molecule can be 
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represented in the form of the product of electronic, 
vibrational, and rotational wave functions. 

Under these assumptions, the gain at the center of the 
Doppler-broadened line corresponding to an electronic
vibrational-rotational transition from the upper level 
with quantum numbers v 'J' to the lower level v "J" can 
be written in the form 

k(vo)= Ov'v"~v"N,,S,~~_:-{ a!.!_o{. exp[-B,·hcl'(l' + 1)/kTro{] 
T,0 {'f1'mol Tro[ exp[-Bv,hcQ'(Q' + 1)/kT,0 {] 

exp[-Bv••hcl"(l" + 1)/kTrof')} 
- exp.[ -B,.•hcQ'' (Q" +-1) / kTro['] ' 

4n3cS,(rv'v") q,,,,, Bv,Nv' 
Ov·v··=-~---.---, a=--, (1) 

'3kf2nk/M Bv,Nv" 

where the quantities denoted by a single prime refer to 
the upper operating state, and those with two primes, to 
the lower; Se Crv 'v ,) is the electronic transition strength 
as a function of the r-centroid, qv'v" is the Franck
Condon factor for the band v' -v", SJ'J" is the rota
tional line strength or Henle-London factor,[l8 ' 19J, Nv is 
the total population of the vibrational level, Bv the rota
tional constant, n the total electronic angular momentum 
of the molecule, h Planck's constant, k Boltzmann's 
constant, c the velocity of light, and M the molecular 
weight. In what follows, we shall call the quantity a the 
coefficient of vibrational inversion. In the derivation of 
the formula it was assumed that the population distribu
tion over the rotational sublevels of each vibrational 
level is a Boltzmann one with a temperature Trot. while 
T mol describes the distribution of molecules over the 
velocities, and enters into the expression for the Doppler 
line width. 

The formula given does not differ strongly from the 
formula obtained in[7 J for vibrational transitions. This 
is connected with the fact that even for electronic tran-
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sitions, the decisive factors are the redistribution of the 
population over the rotational sublevels upon change in 
temperature, and the change in the Doppler line width. 
The difference between the formulas is primarily that 
the denominators exp[-Bvhcn(n + 1)/kTrotJ appear and 
describe the effect of the angular momentum. Further
more, electronic transitions possess certain other char
acteristic features. In particular, for electronic transi
tions, the rotational constants Bv' and Bv 11 of the upper 
and lower operating states can be significantly different 
from one another. However, the most serious differen
ces can be associated with the value of the coefficient of 
vibrational inversion a, which is fundamentally deter
mined by the ratio Nv /Nv "· 

The populations of the vibrational levels Nv' and Nv 11 

are in turn determined by the conditions of excitation 
and decay of the levels. For example, if we assume that 
the excitation of all the levels considered takes place by 
direct electron impact from the ground state, and that 
the population of the ground state is constant, while the 
decay of the levels is determined by spontaneous emis
sion, then it can be concluded that Nv' and Nv 11 will not 
depend on the temperature of the gas. On the other hand, 
in the case when collisions of molecules with moleeules 
play an important part in the process of excitation or 
decay of the operating levels, the populations NV'' Nv'' 
are shown to be temperature dependent in the general 
case, since the collision cross sections and the rate of 
molecular collisions depend on the temperature. Thus, 
in addition to the explicit temperature dependence shown 
in ( 1), the gain can also depend on the temperature 
through the ratio Nv/Nvll· The character of the depen
dence is determined by the mechanism of population and 
depopulation and cannot be described for the general 
case. The vibrational and electronic transitions can 
differ widely in this respect. 

Specific calculations are given in the present paper 
for the P-branches of the transition C3Ilu - B3 Il of a 
nitrogen molecule (the second positive system ofthe 
band), corresponding to ultraviolet laser action. They 
are made under the assumption that Nv '/Nv 11 does not 
depend on the gas temper_ature, si!,lce, for this laser ac
tion, all the data indicate- 12"13 ' 20 ' 21 c that the principal 
role in the excitation of the operating levels is played by 
direct electronic impacts. Only the P-branche3 are 
considered, since one can show that, for a given elec
tronic transition, the gain coefficient is largest for them. 
A more detailed discussion of the mechanisms of crea
tion of inversion, both for ultraviolet and for infrared 
laser action of a nitrogen molecule is given below in the 
discussion of the results. 

As a consequence of the fact that the duration of 
ultraviolet laser action amounts to 5-20 nanosec-

d -a,g,ll,lZ~ th d" t" l"f t' f th on s,- · · · -, e ra 1a IOn 1 e 1me o e upper work-
ing level C3 Ilu is about 4 x 10- 8 nanosecond[22 ' 23 = while 
the rotational relaxation of the nitrogen molecule to its 
ground stateL24 ' 25 ~ at room temperature and a pressure 
of 1 Torr amounts to about 5 x 10- 7 sec, it can be ex
pected that at low pressures and temperatures of the 
gas, during the time of the laser action. the rotational 
relaxation cannot take place (slow rotational relaxation). 
while at high temperatures and pressures, conditions · 
can be encountered in which the time of rotational re
laxation is comparable with or even shorter than the 

time of existence of the inversion (fast rotational re
laxation). In the latter limiting case, for all the vibra
tional levels considered a Boltzmann distribution is 
established over the rotational sublevels with a tem
perature Trot = T mol· In the first limiting case, 
T ~ot and T fot are determined by the mechanism of ex
citation of the levels and can differ from T mol· 

In direct excitation from the ground state of the 
molecule, the distribution over the rotational sublevels 
of the excited states, according to existing data[lB], 
duplicates the populational distribution for the ground 
state. This corresponds to Tf.ot = TmolBvt/B0 and 
Tf0 t = TmolBvn/B0, where B0 is the rotational constant 

for the ground state. Equation (1) for the gain takes in 
the case of slow rotational relaxation the form 

r B 0hc J 
B " S N,.exp'L----1'(1'+1) 

D"'v" J'J" kT 
k(vo}= Qv'v"--,-- ---

T ;, f B 0hc J 
Nv"exp L--- Q'(Q' + 1) 

B h kT 
exp [--~Tc J" (J" + 1) J 

- ex~[=--B~hc ~::;;: + 1;] , 
kT -

where T = Tmol' and only the single rotational constant 
Bo enters into the exponent. 

For the fast rotational relaxation, Eq. (1) remains 
practically unchanged, except that T ~ot = T f t = T 1 
= T. o mo 

An analysis of the temperature dependence of the 
gain is conveniently started with the case in which 
Nv' >> Nv"' i.e., a>> 1. In this case, the second terms 
in the curly brackets in Eqs. (1) and (2) can be discar
ded. Then the dependence of the gain on J' is the same 
as the dependence of the intensity of spontaneous emis
sion from the upper level. For the Pi-th branch 
(n' = n 11 = O) and for the case of fast relaxation we have 

B .... 'V,, . r Bv.hc J 
k(vo)= Q,., .. --y;· (J' + 1)expl- hTF(J' + 1) . (3) 

It can be shown that the rotational quantum number J {n 
corresponding to the maximum gain is determined ap
proximately by the expression1> 

J, .. ' "'=' li.-T i ~R, .. /u·- '/1. (4) 

Then, for kT/Bv'hc » 1 (this condition is usually well 
satisfied), it is not difficult to obtain the result 

k(vo, .1,,') ~ 1 / T. ( 5) 

Thus, for large coefficients of vibrational inversion, the 
maximum gain is proportional to the reciprocal of the 
absolute temperature. 

The cases of fast and slow rotational relaxations 
differ little when a » 1. Upon decrease of the vibra
tional inversion, it is not possible to discard the second 
term in ( 1) and (2), and the dependence of the gain on J' 
is changed .. Figure 1 shows the calculated dependence 
of the gain on J' for the P1-th branch (n' = n" = O) for 
different temperatures. The solid and dashed curves 
represent slow and fast rotational relaxation. The 
curves are computed for a = 1. As is seen from the 

I >for the case of a slow rotational relaxation, one must replace 
Bv· in (4) by B0 , which makes no difference, for the given transition, 
since Bv· = 1.826 cm· 1 , while B0 = 2.010 cm·1 .[ 18 ] 
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FIG. I. Gain in relative units as a function of the rotational quan
tum number J' of the upper working level for gas temperatures: a - I -
75°K, 2- 150°K, b- I - 300°K, 2 - 400°K. The continuous curves 
correspond to the case of slow rotational relaxation, the dashed to fast; 
a=Nv·Bv·/Nv"Bv" =I. 
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FIG. 2. Rotational quantum number 
J m ' of the upper working state, corre
sponding to a maximum value of the 
gain for a= I (curve I) and spontaneous 
emission (Curve 2). The continuous 
curves are for the slow rotational relaxa
tion, dashed - the fast case. 

FIG. 3. Dependence of the maximum 
gain on the gas temperature. The con
tinuous curve is for slow rotational rela
tion, the dashed, for fast, a= I. 

drawing, with decrease in temperature, the maximum 
gain shifts in the direction of smaller J 1 and increases 
sharply in value. Whereas in the case a >> 1, the depen
dence of the gain on J' differs very little for fast and 
slow rotational relaxations, these differences are already 
noticeable when a= 1. In particular, J{n for these two 
cases differ substantially, especially at higher tempera
tures. 

The dependence of J{n on the temperature at a= 1 is 
shown in Fig. 2 (curves 1). For comparison, curves 2 
are shown for spontaneous emission from the upper 
level, i.e., a>> 1. The solid and dashed curves corre
spond to slow and fast rotational relaxation. 

The dependence of the maximum gain on the tempera
ture, also for a = 1, is shown in Fig. 3. The solid line 
corresponds to slow and the dashed to fast rotational 
relaxation. As can be seen from Fig. 3, the maximum 
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FIG. 4. The gain for different components of the multiplet as a 
function of the rotational quantum number J' of the upper working 
state for different gas temperatures. The curves denoted I, 2, 3 refer to 
the branches P1 (Q = 0), P2 (Q =I) and P3 (Q = 2), respectively. 

FIG. 5. The gain as a function of the 
upper rotational relaxation number for 
T = 300°K for different values of the vi
brational inversion a. Curve I - a= 2, 
2- a= 1.5, 3- a= 1.0, 4- a= 0.95. 

gain in this case changes with temperature approxi
mately as T-1. 75 • Such an approximation in the tempera
ture range from 400 to 50°K leads to an error in k(vo) 
of not more than 5%. Thus, for a = 1, cooling of the gas 
from room temperature to the temperature of liquid 
nitrogen leads to an increase in the maximum gain of a 
factor of about 10. 

The dependences given above were obtained for the 
P1 branch. As is well known from experiment,[l4 ' 16 J 
laser action takes place principally on the branches P1, 

P 2 , and P 3 . The difference in the gain for branches P1, 

P 2 , and P 3 (n' = n" respectively equal toO, 1 and 2) is 
shown in Fig. 4 for the case of fast rotational relaxation 
and a= 1. 

Figure 5 gives the dependence of the gain on J' for 
different values of the quantity a. As before, the solid 
and dashed curves are for slow and fast rotational re
laxation. It is seen from Fig. 5 that at small values of 
vibrational inversion (a "" 1) the differences between the 
cases of fast and slow rotational relaxations are con
siderable, while even for a= 1.5, these differences dis
appear almost completely. Upon further increase of a, 
the value of J {n is virtually identical for both cases, 
while the value of the gain at the maximum is about 10% 
larger for the case of slow rotational relaxation than for 
fast rotational relaxation. 

Thus, the theoretical calculation shows that cooling 
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FIG. 6. Experimental apparatus, in which pumping of liquid nitro
gen is employed for cooling 

of nitrogen leads to a considerable increase of the gain 
for the transition C3IIu - B3IIg, this increase being the 
more important the smaller tlie value of vibrational in
version. A similar behavior upon cooling should be ex
pected also for other laser radiation by means of elec
tronic transitions in diatomic molecules, if direct exci
tation by electrons from the ground state is the dominant 
process for the formation of inversion. The quantitative 
differences will be determined by the value of the vibra
tional inversion and the values of the rotational con
stants. The dependences of the gain on J' will also be 
somewhat different for the different branches. 

3. EXPERIMENT 

The experimental arrangement is pictured in Fig. 6. 
A laser of the ordinary type was used in the experiment, 
with external mirrors and with Brewster windows. The 
laser action was studied in two tubes with internal diam
eters 3 and 8 mm and active lengths of about 100 em. 
The 3-mm tube was placed in a foam plastic tank with 
liquid nitrogen. The wider tube, shown schematically in 
Fig. 6, had a double jacket and was cooled by the pass
age of liquid nitrogen through it. The outer jacket was 
evacuated to produce the necessary thermal isolation. 
The temperature in this tube could be changed smoothly 
from room temperature to~ 100°K. The wall tempera
ture of the working tube was measured by a thermo
couple attached to its outer side. The measurements 
were made at low pulse repetition rates (2-4Hz) and it 
was assumed that the gas temperature differed but little 
from the temperature of the wall. The tubes were exci
ted by the discharge of a capacitor of 0.01 J.J.f by means 
of a controlled three-electrode discharge. The voltage 
on the capacitor reached 40 kV. 

The output spectrum was studied on a DFS-13 diffrac
tion spectrograph with a grating of 1200 lines per mm. 
The <!ispersion of the apparatus in first order amounted 
to 2 A/mm. The ultraviolet output was photographed 
princiJ?ally in third order with a dispersion of 
~o.5 A/mm; the infrared was studied in first order. 
The time-averaged total power output over all lines 
was measured by a barrier layer cell (FESS-UlO). 

Figure 7a shows the dependence on the gas pressure 
of the total power of the ultraviolet laser action of 
nitrogen for the 3-mm diameter tube. One curve was 
obtained without cooling the tube, and the other with 
cooling to a temperature close to the temperature of 
liquid nitrogen. As is seen from the drawing, the opti
mal pressure of the gas decreases upon cooling. In our 
experiments, as is usually the case in laboratory setups, 
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FIG. 7. Output power of ultraviolet laser action of molecular nitro
gen: a -as a function of pressure p and b -density N0 of the working 
gas for two temperatures: 80 and 330°K. 

a large ballast gas volume was connected to the dis
charge tube. This volume remained at room tempera
ture. In this connection, the gas pressure pin the tube 
does not change upon cooling, but the density increases 
like No = p/kT. Inasmuch as the rate of excitation of the 
working levels is determined by the population No of the 
ground state of the molecule, the dependence of the out
put power on the density has the most importance, and 
not the dependence on the pressure. Such a dependence 
is shown in Fig. 7b for the same experimental condi
tions. As can be seen, the optimal gas pressure remains 
constant under change in temperature. A similar result 
is obtained for the He-Ne laser.c2 J 

In Fig. 8, curve 1, the temperature dependence is 
given for the total power, summed over all the lines, of 
the ultraviolet laser action, obtained for a constant den
sity of the gas, No~ 6.5 x 1016 cm- 3 , corresponding to a 
maximum power output. When the temperature is re
duced to one-third, the power output increases by about 
1. 5. Direct measurements of the gain as a function of the 
temperature were not carried out. Such measurements 
entail serious difficulties, particularly because consid
erable superradiance is observed even for short active 
lengths. Qualitatively, however, a strong increase in the 
gain is observed upon cooling of the gas. In particular, 
at liquid-nitrogen temperature, in the 3-mm tube, a 
strong superradiance is observed in the 0 - 0 band 
(3371 A edge) generally without a mirror, and in the 
0- 1 band (3577 A edge) with a single mirror, while at 
room temp<erature, superradiance is observed only on 
the strong band 0-0 and only with one mirror. 

The spectrum of ultraviolet radiation undergoes sig
nificant changes. A redistribution of the intensity over 
the rotational structure takes place. The maximum of 
the distribution is shifted in the direction of lower J. 
Whereas without cooling the maximum power output 

FIG. 8. Relative change in the total out
put power of ultraviolet (I ) and infrared ( 2) 
laser action of molecular nitrogen. 
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correspnnds to lines with J{n ~:::J 8-9, at the temperature 
of liquid nitrogen J {n ~:::J 5. For all the temperatures 
studied, the output was observed in practice only on the 
P-branches. Upon cooling, a sharp increase in the inten
sity of the output is also observed in the band 0 -- 1, but 
it is always weak at room temperature. For this band, 
the power output increases with decrease in the tem
perature much more rapidly than the total output. 
Finally, upon cooling, a weak laser action also appears 
at one band which previously, insofar as we know, it had 
never been observed. This also indicates a strong in
crease in the gain. Measurements of Jong waves have 
shown that the new band 1-0 (3159 A edge) also belongs 
to the second positive system of nitrogen. The rotational 
structure of the new band is shown in Table I. The spec
trum of the output was photographed in first order. The 
accuracy of measurement of the wavelength was estima
ted to be 0.03 A. The calculated frequencies of the lines, 
given in Table I, were obtained with the use of the data 
of Coster et al.c26J and Dieke and HeathC27J. 

Some studies of the infrared output on the first posi-

Table I. Rotational structure of laser action on 
band 1 - 0 of the second positive system of 

the nitrogen bands. 

~eas,A 
air 

3159.19* 

59.11 

59.00 

5'l.r.! 

:lRJt1* 

5~. 74 

SR.7d 

58.61* 

5~.53 

5H.44 

58.32 

58.27 

58.16 

58.03 

57.98 

57.78 

57.56 

I 

\:ale, A 
air 

/3159.22 
fi!l.02 

t 59.1ll 
on 17 

{ 59.12 
59.09 

{ .19.01 
58.98 
58.94 
58.9~ 
S8.90 
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S8.88 
SR.81 
5S.8:J 

( 58.84 
:i8.P2 

{ 59.76 
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S8.en 

( 
58.65 
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I S8.62 
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l 58.60 
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58.58 

t 58.57 
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{ 

58.46 
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;,s.43 
58.42 

{ 58.32 
5~.31 

r !">8.29 

1 58.27 

{ 58.17 
58.15 

r 58.04 
1 ;,s.oa 

{ :;7.99 
S7.98 

{ 57.78 
57.77 
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31644.6 
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P,9c 
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P27 
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tive system of molecular nitrogen, B3llg- A3~~ were 
also carried out with the 8 mm tube. In Fig. 8, curve 2, 
the dependence is given for the total output power, over 
all lines, of the infrared laser action as a function of 
the temperature, at a constant gas density No ~:::J 1.9 
x 1017 cm- 3 , which corresponds to the maximum power. 
As can be seen from the drawing, even in this case a 
significant increase of the total power is noted upon 
cooling of the gas. Strong changes take place in the 
spectrum of the infrared laser action. In addition to the 
shift in the maximum of the power in the direction of 
smaller J, a significant increase is observed in the 
laser power of certain bands. In particular, the power 
output in the bands 4 - 2 (.\ 1:::! 7500 A) and 3 - 1 
(.\ ~:::J 7600 A) is observed. At temperatures below 150°K, 
the laser action in these bands can easily be observed by 
eye on white paper in the form of a dark red spot. Ap
preciable changes are observed also in other bands. 
More detailed investigations of the infrared laser action 
of nitrogen upon cooling will be reported elsewhere. 

Finally, we note that the preliminary experiments 
carried out by us, with visible laser action in the tran
sitions of the system of Angstrom bands of the CO mole
cule[28'29J also indicate the appreciable (by as much as 
an order of magnitude) increase in the laser power upon 
cooling of the gas to ~ 100 o K. 

A significant increase in the laser power for a series 
of bands in nitrogen and for the laser action in the case 
of CO can be connected with the fact that one is operat
ing close to threshold for these transitions at ordinary 
temperatures. Upon lowering of the temperature, the 
gain of the medium increases sharply and exceeds the 
threshold value, which also leads to a strong increase 
in the power. In this same case, when the gain exceeds 
the threshold by a large amount even at room tempera
ture, as, for example in the lasing in the strong bands 
of the first and second positive systems of nitrogen, 
upon appreciable increase in the gain, only a redistribu
tion of the intensity over the rotational structure is ob
served and the power increases only slightly. It must 
also be noted that in our experiments the temperature 
dependence of the power was measured with the same 
resonator. At the same time, to get a maximum power 
for each temperature it is necessary to set the trans
mission of the mirrors each time at the optimal value. 
The optimal transmissions as is well known,c3oJ depends 
strongly on the gain. We did not have the opportunity of 
carrying out such an optimization. 

4. DISCUSSION OF RESULTS 

It is of interest to consider the data obtained on the 
temperature dependence from the viewpoint of the mech
anism of production of the inversion in the transitions 
studied. As regards the mechanism of the production of 
inversion at the transitions of the second positive sys
tem of nitrogen, which correspond to the ultraviolet 
laser action, there is uniformity of view. All authors 
assume[8 • 13 ' 20 ' 21 J that the dominating mechanism in this 
case is direct excitation by the electrons from the 
ground state of the molecule. For such a mechanism, 
the excitations of the quantities Nv' and Nv" should not 
depend on the gas temperature. The experimental re
sults that we obtained agree well with the calculation 



566 V. M. KASLIN and G. G. PETRASH 

carried out above relative to this case. The character 
of the change in the lasing spectrum and the significant 
growth in the gain agree fully with the results of the cal
culation. However, the accuracy of measurement of Jfn 
and the temperature of the working gas used in our ex
periments did not allow us to distinguish which case of 
rotational relaxation occurred. 

We note further that the discovery of new laser ac
tion in the band 1 - 0 also gives evidence in support of 
the use of direct excitation by electrons. If we assume 
that the population of the vibrational levels of the state 
C3Ilu is proportional to the corresponding Franck
Condon factor for the transition 1I:g (v = O) - C3Ilu(v'), 
as is usually the case for direct excitation by electrons, 
and to assume that the probability of the transition 
C3Ilu - B3Il is also proportional to the corresponding 
Franck-Conaon factor, then the relative value of the 
gain for a » 1 is expressed in terms of the product of 
these factors, the calculated values of which are shown 
in Table II for the different bands of the second positive 
system. 

According to this table, the band 0 - 0 has the great
est gain, then 0 - 1, and finally, 1 - 0. Just such a 
sequence has been observed in experiment. Of all the 
other bands of this system, lasing in which has not yet 
been observed, the greatest gain is associated with the 
band 0 - 2, the corresponding value for which is also 
given in Table II. 

So far as the infrared emission on transitions of the 
first positive system of the nitrogen molecules is con
cerned, there are two points of view as to the mechan
ism of formation of the inversion in this case. It was 
assumed inc20 ' 15 :J that even for this system, direct exci
tation by electrons from the ground state of the mole
cule plays the dominant role. Mathias and Parker[wJ, 
and BennettcazJ advanced the opinion that the excita-
tion of the upper working level takes place in smooth 
fashion as a consequence of the collisions of second 
order, with energy transfer from the nitrogen molecules 
to the singlet state a 1Il . In the first case, in direct ex
citation by electrons, t~e behavior of the radiation for 
cooling of the gas ought to be similar to the behavior of 
the ultraviolet emission, for which the direct mechan
ism leaves no doubt. 

If the excitation of the working levels involves colli
sions of second order, then the picture should change, 
since this process depends strongly on the velocities of 
the colliding particles. 

Inasmuch as the difference in energy between the 
levels of the state a 1Ilg, which is effectively populated 
by electron excitation, and the levels of the state B3Ilg, 
from which emission begins, is sufficiently large, it is 
necessary to assume that the cross section for energy 
transfer by second order collisions must decrease 
rapidly with decreasing temperature. Therefore it can 
be expected that in the excitation by second order colli-

Table II 

Band Edge of band, A 
Product of tbe Fr"':l~k

Condon Factors [ ] 

0,2:11 
0.\R"i 
O.H~ 
0,081 

sions the infrared laser action will fall off with cooling, 
as is the case for the He-Ne laserY- 4 J where the en
ergy transfer by collisions of the second kind serves as 
the basic process for inversion. However, experiments 
have shown that the infrared laser action upon cooling 
behaves in the same fashion as the ultraviolet. Its 
power and gain are increased. This serves as still 
more evidence in support of the direct mechanism of 
inversion in this case, too. 

5. CONCLUSION 

The theoretical calculation given above, as well as 
the experimental results, show that the cooling of the 
working gas leads to a significant increase in the gain 
of the active medium in lasers in electronic transitions 
in diatomic molecules. The increase in the gain is es
pecially significant for those transitions for which the 
gain is small. For these same transitions, an apprecia
ble increase in the laser power is observed. In this 
connection, the cooling of the working gas in molecular 
lasers can, above all, serve as a method of finding new 
emission or as the method for the increase of the laser 
power for those cases in which the system operates close 
to the laser threshold. An example of such an applica
tion is the discovery of a new band of ultraviolet laser 
action of nitrogen, described in the present work. 

The results of the present work show further that in 
the study of the dependences of the characteristics of 
the molecular lasers (for example, the output power) 
on such parameters as the discharge current, the repe
tition frequency of the pulses, length of pulses and so 
forth, it is necessary to take into account the change in 
the temperature of the working gas. In particular, it 
was found that upon increase in the pulse repetition fre
quency, the peak power output decreases. Account of 
heating shows that for low frequencies of repetition, 
this effect is on the whole determined by the heating of 
the gas. A detailed account of the temperature change 
is necessary in the study of the dependence on all these 
parameters which can affect the temperature of the 
working gas. 

The authors thank M. D. Baranov and A. A. Isaev for 
help in the research and for discussion of the results. 
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