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Possibility of inversionless amplification and generation of radiation 
by a two-level system in the ‘red’ wing of its spectral line 
under resonant diode pumping
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Abstract. We report a theoretical study on the possibility of ampli-
fication and generation of radiation by an inversionless two-level 
system in the ‘red’ wing of its spectral line under resonant diode 
pumping. The two-level system is used to simulate atoms of an 
active gas, while it is in the atmosphere of a high-pressure buffer 
gas. The effect results from the fact that the probability of stimu-
lated emission in the ‘red’ wing of the spectral line exceeds the prob-
ability of absorption if the homogeneous broadening due to the 
interaction of particles with the buffer gas significantly exceeds the 
natural one (at high pressures of the buffer gas). It is found that the 
higher the buffer gas pressure and the higher the pump radiation 
intensity, the greater the inversionless amplification. It is shown 
that the gain in a two-level system in the ‘red’ wing of its spectral 
line can reach 0.011 cm–1 when the radiation intensity and the width 
of the radiation spectrum of pump diodes are 5 kW cm–2 and 4 cm–1, 
respectively. The use of transverse diode pumping of an active 
medium placed in an optical cavity will make it possible to obtain 
lasing with frequency tuning and thereby solve the problem of con-
verting incoherent broadband radiation into a coherent laser light 
in a gas of two-level active particles.

Keywords: inversionless amplification of light, probe field, colli-
sions, Einstein coefficients, level populations, spectral line wing.

1. Introduction

It was shown in Refs [1 – 12] that in the wing of the absorption 
line of active (interacting with radiation) gas particles in the 
presence of frequent collisions with buffer particles (thermo-
stat), the probabilities of absorption and stimulated emission 
are not equal to each other. It turned out that the spectral 
densities of the Einstein coefficients for absorption [b12(W)] 
and stimulated emission [b21(W)] are related by the expression 
[7, 8]

( ) ( ) ,expb b k TB21 12
'W W W= -d n  (1)

where W = w – w21 is the detuning of the radiation frequency 
w from the frequency w21 of the 2 – 1 transition; '  is Planck’s 
constant; kB is the Boltzmann constant; and T is the tem-

perature. Relation (1) remains valid for any sign of W. When 
'|W| << kBT, relation (1) yields the canonical equality for 
the probabilities of absorption and stimulated emission.

A striking consequence of relation (1) is the formation of a 
population inversion in a two-level system upon absorption of 
intense laser radiation in the ‘blue’ wing of the spectral line and 
during frequent collisions (at high pressures of the buffer gas). 
This effect was recorded experimentally in the form of genera-
tion of coherent radiation at the resonance frequency of the 
transition of sodium atoms (D2 line) upon excitation by pulsed 
laser radiation in the ‘blue’ wing of the D2 line [6,  8 – 10]. 
Another interesting consequence of relation (1) is the amplifi-
cation of radiation by two-level systems without population 
inversion. If high-power pump radiation, tuned in frequency 
to resonance with the atomic transition, equalises the popula-
tions of the excited and ground levels, then due to an excess of 
the probability of stimulated emission over the probability of 
absorption in the ‘red’ wing of the spectral line for the probe 
radiation, the amplification regime is realised [7,  13, 14].

Let us ask ourselves a question: Is it possible, due to 
these effects, to convert incoherent broadband radiation 
into coherent laser radiation similarly to that described in 
works on diode-pumped alkali metal vapour lasers [14 – 19], 
where population inversion is obtained upon transition to 
the ground state of atoms under diode pumping at an adja-
cent transition (three-level configuration)? As for the effect 
of the formation of population inversion upon pumping in 
the blue wing of the spectral line, in this case the answer 
will be negative. Indeed, according to the results of studies 
[6, 8 – 10], population inversion is achieved at a very high 
(up to 10 MW cm–2) pump power density, which is unat-
tainable for modern laser diodes. A significantly more 
favourable situation for the laser effect in a two-level sys-
tem is realised in the second variant, where the equalisation 
of the populations is required under resonant pumping. 
This has actually already been implemented in diode-
pumped alkali metal vapour lasers. Thus, the radiation of 
existing sources of incoherent radiation (laser diodes) is 
quite capable of levelling the level populations under reso-
nant excitation and thereby providing lasing in the ‘red’ 
wing of the spectral line of a two-level system. In this work, 
we theoretically investigate the possibility of such lasing 
with an orientation towards the existing possibilities of 
pump laser diodes.

2. Initial equations

Consider a gas of two-level active particles (with a ground 
level 1 and an excited level 2) in a mixture with a buffer gas. 
We neglect collisions between active particles, assuming that 

A.I. Parkhomenko, A.M. Shalagin Institute of Automation and 
Electrometry, Siberian Branch, Russian Academy of Sciences, prosp. 
Akad. Koptyuga 1, 630090 Novosibirsk, Russia; 
e-mail: par@iae.nsk.su, shalagin@iae.nsk.su 

Received 30 June 2021; revision received 28 July 2021 
Kvantovaya Elektronika 51 (10) 915 – 919 (2021) 
Translated by I.A. Ulitkin



 A.I. Parkhomenko, A.M. Shalagin916

the concentration of the buffer gas, Nb, is much higher than 
the concentration of the absorbing gas, N. Let the two-level 
particles be affected by high-power (capable of levelling the 
populations of levels 1 and 2) pump diode radiation, tuned in 
frequency to resonance with the atomic transition. We assume 
that the radiation of the pump diodes has a spectrum of arbi-
trary width, and the radiation amplified (or generated) in the 
‘red’ wing of the spectral line is monochromatic. The change 
in the populations N1, N2 of levels 1, 2 under the action of 
pump radiation, frequent collisions with buffer particles, and 
amplified (generated) radiation is described by the equations:
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Here wp and wlas are the probabilities of stimulated transi-
tions under the action of pump radiation and amplified (gen-
erated) laser radiation, respectively; A21 is the rate of sponta-
neous emission (the first Einstein coefficient) for the 2 – 1 
transition; w21 is the frequency for the 2 – 1 transition; l21 is 
the corresponding wavelength; Ilas and wlas are the intensity 
and frequency of the amplified (generated) radiation; Iwp(w) 
is the spectral density of the pump radiation intensity at the 
frequency w; and G  is the collisional half-width of the absorp-
tion line (the collisional broadening is assumed to be much 
larger than the Doppler one). The quantity ( )oc lasG W , which 
depends on the detuning of the radiation frequency W las, 
characterises the frequency of elastic collisions that ‘knock 
down’ the phase of the atomic oscillator [20]. The ( )oc lasG W  is 
included in the modified Lorentz equation, which describes 
the entire spectral line profile, including the distant wings [20]. 
With a small detuning of the radiation frequency (|W las| £ G ), 
the value of  ( )oc lasG W  is equal to the impact half-width of the 
absorption line G , and with a large frequency detuning 
(|W las| >> G , wing of the absorption line), ( )oc lasG W  can be 
greater and significantly less than G  [20].

Under stationary conditions, from equations (2) we easily 
find the level populations:
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as well as the population differences that determine the ampli-
fication of the generated radiation and the absorption of the 
pump:
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Here pZ  and lasZ  defined as
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denote the saturation parameters, since each of them charac-
terises the degree of population equalisation at the 2 – 1 tran-
sition in the absence of the second field.

The gain glas of the generated radiation is given by
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where llas is the wavelength of the generated radiation, from 
which it follows that the inversionless amplification of radia-
tion (glas > 0) in the region of ‘red’ frequency detunings (at 
W las < 0) occurs if the condition

( / )exp k T1
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las
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-  (8)

is met.
According to (8), the larger the frequency detuning of the 

amplified field, the lower the pump radiation intensity 
required for the onset of inversionless amplification. In this 
case, however, the gain glas decreases significantly with 
increasing |W las|, so that in the experiment it is necessary to 
strive for the maximum possible values of pZ .

One can see from formula (7) that in the wing of the spec-
tral line (at |W las| >> G ), the gain is directly proportional to 
the collisional phase relaxation rate ocG (W las). Since the value 
of ocG (W las) is proportional to the buffer gas pressure [20], an 
increase in the effect should be expected with increasing pres-
sure of the buffer gas.

The gain is the greater, the higher is the concentration of 
active particles (glas ?  N). However, the concentration N 
should not be too high; otherwise, the pump radiation will be 
completely absorbed at the entrance to the active medium. 
For efficient use of the radiation energy, it is necessary that 
the pump radiation be sufficiently strongly absorbed by the 
active medium and, at the same time, at the exit from the 
medium, have an intensity sufficient to maintain the required 
value of the gain. This requirement can be satisfied if the con-
dition

apLp ~ 1 (9)
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is met, where ap is the absorption coefficient of pump radia-
tion; and Lp is the size of the active medium in the direction of 
propagation of the pump radiation. The absorption coeffi-
cient of pump radiation is defined as

( )I w N Np
p

p 1 2
'a w= -  

 ,I
N cA

1
1
1

1

p p las

p las
las

las

21

21'p
l

x
x

Z Z

Z Z
= + +

+
-

+< F
 (10)

where Ip is the pump radiation intensity. Hence it can be seen 
that the higher the intensity Ip, the greater the permissible 
concentration of active particles, and, consequently, the gain.

In order that the requirements for the characteristics of 
the medium for the generated radiation and for the pump 
radiation do not conflict with each other, it is expedient to 
direct the pump radiation orthogonally to the generated radi-
ation (transverse pumping).

3. Gaussian shape of the pump 
radiation spectrum

To further concretise the calculations using the above formu-
lae, it is necessary to specify the spectral density Iwp(w) of the 
pump diode radiation. We will assume that the pump radia-
tion spectrum has a Gaussian shape:
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where Dw is the half-width (at a height of 1/e) of the pump 
radiation spectrum. From formulae (6) and (3), taking into 
account (11), we obtain the expression for the saturation 
parameter pZ :
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In what follows, for simplicity, we restrict ourselves to consid-
ering the case of a weak intensity of the amplified (generated) 
radiation, when its influence on the population differences, 
which determine the amplification of radiation and absorp-
tion of the pump, can be neglected. From expression (5) it 
follows that this is possible if the condition
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is satisfied. Under this condition, the coefficients glas (7) and 
ap (10) take the form
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Using formulae (14) we calculate the gain of a two-level 
system in the ‘red’ wing of its spectral line. Let caesium atoms 
be the active medium in the amplifier cell, and helium be used 
as a buffer gas. We will assume that the active medium is 
pumped in a direction transverse to the direction of the ampli-
fied laser radiation (transverse diode pumping). We also 
assume that the cell with active particles and a buffer gas has 
the shape of a rectangular parallelepiped with a length L in 
the direction of the amplified laser radiation and with a length 
Lp in the direction of radiation of the pump diodes (the cell is 
rather long, L >> Lp).

To calculate the gain in the ‘red’ wing of the D1 line of 
caesium atoms, it is quite possible to use the two-level model 
of active particles due to the weak collisional coupling 
between the 62P1/2 and 62P3/2 fine components of the excited 
state of Cs atoms in He. Indeed, the cross section sFS for col-
lisional transitions 62P1/2 ® 62P3/2 between fine components 
of the excited state of Cs atoms in He is small: sFS = 
0.57 ́  10–20 cm2 [21]. At a helium pressure pHe = 10 atm and 
a temperature T = 470 K, the frequency of collisional transi-
tions 62P1/2 ® 62P3/2 between fine components is vFS = 
1.42 ́  105 s–1, which is much lower than the rate of spontane-
ous decay of the excited 62P1/2 level: vFS/A21 = 5 ́  10–3. On 
this basis, the 62P excited state of Cs atoms can be modelled 
by a single level. The 62S1/2 ground level of Cs atoms is split 
into two hyperfine components with a frequency distance 
between them DwHFS = 5.78 ́  1010 s–1 [DwHFS/(2pc) = 
0.31 cm–1] [22]. At a sufficiently high pressure of the buffer gas 
(several atmospheres and higher), the collisional absorption 
line width is large in comparison with hyperfine splitting in 
this state: 2G  >> DwHFS. Therefore, the ground state can also 
be modelled with one level.

Let us set the initial data necessary for calculating the 
radiation gain in the ‘red’ wing of the D1 line of caesium 
atoms (62S1/2 – 62P1/2 transition). For caesium atoms, accord-
ing to the NIST database [23], the rate of spontaneous decay 
of the excited level 62P1/2 A21 = 2.86 ́  107 s–1 and the wave-
length of the D1 line l21 = 894.4 nm. The collisional broaden-
ing for the D1 line of caesium atoms in the He buffer gas is 
10.82 MHz Torr–1 at a temperature T = 470 K [24]. At a 
helium pressure pHe = 10 atm and a temperature T = 470 K, 
the collisional absorption line half-width is G /(2pc) = 
2.74 cm–1. To calculate the radiation gain in the ‘red’ wing of 
the D1 line of caesium atoms, it is necessary to know the col-
lisional phase relaxation rate ocG (W las). In paper [25], Fig. 13 
shows the calculated profile of the D1 line of Cs atoms in a 
buffer He gas at a pressure of 13.6 atm and a temperature of 
T = 1000 K, and its comparison with the Lorentzian profile. 
From this figure it follows that in the ‘red’ wing of the D1 line 
of Cs atoms,  ocG (W las) ³ G  up to the frequency detuning 
|W las|/(2pc) » 1100 cm–1. On this basis, in the calculation 
below, we will assume that the collisional phase relaxation 
rate ocG (W las) is equal to the collisional half-width of the line 
G . We assume that apLp = 1 (when the radiation of pump 
diodes passes through the active medium, its intensity 
decreases by a factor of 2.7). Then, for the length of the active 
medium in the direction of radiation of the pump diodes 
Lp = 1 cm, the absorption coefficient of the pump radiation 
is ap = 1 cm–1. Let the intensity of the pump radiation be 
Ip = 5 kW cm–2 and the half-width of the pump radiation 
spectrum be Dw/(2pc) = 2 cm–1 (the spectral width at half-
maximum is Dl = 0.266 nm). It follows from (14) that the 
value of ap = 1 cm–1 corresponds to the concentration of 
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active particles N = 1.59 ́  1015 cm–3 (this concentration of 
vapours of caesium atoms is attained at a temperature of T = 
470 K [26]).

With regard to the width of the pump diode emission 
spectrum adopted in our calculations (∆l = 0.266 nm), we 
note that modern laser diodes used for pumping alkali metal 
vapour lasers can have an emission spectrum width of less 
than 0.1 nm [27]. In this case, the radiation power density of 
individual lines of laser diodes is 1 kW cm–2 [27]. Therefore, to 
achieve the pump radiation intensity Ip = 5 kW cm–2, focus-
ing of the diode radiation is required.

Figure 1 shows the calculated dependence of the gain 
glas in the ‘red’ wing of the D1 line of caesium atoms on the 
frequency detuning W las. With the parameters corresponding 
to Fig. 1, the maximum gain is achieved at a frequency detun-
ing W las/(2pc) = –27 cm–1 and is equal to 0.011 cm–1. This 
means that in one round trip through an active medium with 
a length of L = 50 cm, the radiation intensity increases by a 
factor of 1.74.

This gain is sufficient to excite lasing if the active medium 
is placed in an optical cavity. Lasing occurs under the condi-
tion that the losses in the cavity are compensated for by the 
gain in the active medium (the threshold condition for the 
laser operation):

R1R2exp(2Lgth – a) = 1, (15)

where L is the length of the active medium; gth is the threshold 
value of the gain; R1 and R2 are the reflection coefficients of 
the resonator mirrors; and a are the losses in the cavity upon 
a double round trip in the cavity (they consist of diffraction 
losses, losses at the cell windows, and losses associated with 
the geometric imperfection of the cavity). From condition 
(15) we find the threshold value of the gain:

.lng L R R2
1 1

1 2
th a= +d n  (16)

To ensure lasing, it is necessary that the gain glas exceeds 
the threshold value: glas > gth. The lower the threshold value 
of the gain (and the easier it is to achieve lasing), the longer 
the length of the active medium and the reflectivity of the mir-
rors. At L = 50 cm, a = 0.1, R1 = 0.6, and R2 = 1, from (16) 
we obtain gth = 0.0061 cm–1. At this value of the threshold 
gain, as can be seen from Fig. 1, the inequality glas > gth (the 
condition for laser self-excitation) is satisfied in the frequency 
detuning range from –16 cm–1 to –77 cm–1. The wavelength of 
the generated radiation can be tuned from 895.6 to 900.5 nm. 
The value of xlas in this frequency detuning range differs 
markedly from unity and varies from 0.95 (with a frequency 
detuning of –16 cm–1) to 0.79 (with a detuning of –77 cm–1).

4. Conclusions

We have studied theoretically the possibility of inversionless 
amplification and generation of radiation in the ‘red’ wing of 
the spectral line of the transition of a two-level system during 
resonant absorption of broadband radiation from laser pump 
diodes by active particles residing in a buffer gas atmosphere 
at high pressure. The reason for the appearance of this effect 
is the inequality of the spectral densities of the Einstein coef-
ficients for absorption and stimulated emission under condi-
tions when the homogeneous broadening due to interaction 
with the buffer gas significantly prevails over the natural one 
(at a high pressure of the buffer gas). Using the balance equa-
tions, we have obtained a formula for the radiation gain of a 
two-level system in the ‘red’ wing of its spectral line. It has 
been found that the higher the buffer gas pressure and the 
higher the concentration of active particles, the greater the 
gain. However, the concentration of active particles cannot be 
too high; otherwise, the pump radiation will be completely 
absorbed at the entrance to the active medium.

Calculations of the radiation gain in the ‘red’ wing of the 
D1 line of caesium atoms have shown that the maximum 
value of the gain is 0.011 cm–1 (at the radiation intensity of the 
pump diodes Ip = 5 kW cm–2, the half-width of the pump 
radiation spectrum Dw/(2pc) = 2 cm–1 and the pressure of the 
buffer gas helium pHe = 10 atm). Since the radiation gain 
turns out to be rather small, a long path through the gain 
medium is required in order to achieve a noticeable gain in the 
active medium for one round trip. This can be realised using 
transverse diode pumping of the active medium. When use is 
made of a resonator, oscillation with frequency tuning can be 
obtained. For the active medium length L = 50 cm, the gain 
per round trip is glasL = 0.55, which is quite sufficient to 
exceed the losses in the cavity.

The calculations performed and the estimates made show 
that, in a gas of two-level active particles, the problem of con-
verting incoherent broadband radiation into coherent laser 
radiation is quite solvable when pumping is performed by 
existing laser diodes. In this case, the energy of the laser pho-
ton hardly differs from the energy of the pumping photon. 
Finally, we note that the effect should be significantly 
enhanced when using laser diodes operating in a pulsed 
regime, since in this case it is possible to significantly increase 
the power density of the pump radiation.
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