
Quantum Electronics  50 (10)  917 – 921  (2020)	 © 2020  Kvantovaya Elektronika and IOP Publishing Limited

Abstract.  It is shown that the use of a toothed nozzle array in the 
active medium generator (AMG) of continuous-wave chemical las
ers (CWCLs) allows more efficient mixing of reagents to be ach
ieved in the laser chamber than in an AMG with a slit nozzle array. 
The results of calculations of parameters of the active medium of a 
DF CWCL operating in the gain regime for the AMG with tradi-
tional and promising nozzle array designs are presented. A kinetic 
model of processes in the DF CWCL active medium is proposed, 
which allows obtaining a good agreement with the results of mea-
surements of the small-signal gain.

Keywords: continuous-wave chemical laser, active medium genera-
tor, nozzle array, toothed nozzle array.

1. Introduction

In this work, nozzle arrays are considered to be promising if 
they make it possible to intensify the mixing of oxidising gas 
flows containing atomic fluorine with secondary fuel flows in 
the laser chamber by increasing the contact area of adjacent 
jets of these flows. There are several types of nozzle array con-
figurations that provide such an intensification of mixing pro-
cesses: HYLTE nozzles [1, 2], tripped nozzles [3 – 5], and 
toothed nozzles [6]. The manufacturing technology of almost 
all of the above-mentioned nozzle arrays is much more com-
plicated than the manufacturing technology of a conventional 
slit nozzle array, which can be attributed to their main disad-
vantage. To a lesser extent, this disadvantage affects the case 
of toothed nozzle arrays. An increase in the contact area of 
the oxidiser with the secondary fuel is achieved here by intro-
ducing protrusions (so-called teeth) into conventional noz-
zles, which begin immediately behind the critical cross section 
of the nozzle and extend, gradually increasing in height, to the 
nozzle cutoff.

The purpose of this work is to show that the use of toothed 
nozzle arrays in an AMG CWCL allows mixing reagents in a 
laser chamber more efficiently compared to traditional slit 
arrays, as well as increasing the gain properties of the active 
medium.

2. Statement of the problem

When performing numerical calculations of AMG parame-
ters, the configuration of the toothed nozzle array proposed 
in [6] was considered. The linear dimensions that define the 
geometric parameters of the array are shown in Fig. 1, and 
their values in mm) are given in Table 1.

To assess the effect of the presence of teeth in the nozzles 
of the oxidiser and secondary fuel on the change in the mixing 
process of reagents in the DF CWCL laser chamber, the 
results obtained when calculating the characteristics of the 
toothed and equivalent slit nozzle arrays were compared. An 
equivalent slit nozzle array is understood as an array in which 
the degrees of expansion of the oxidiser and secondary fuel 
nozzles in comparison with the initial toothed array remain 
unchanged.

The periodic structure of the toothed nozzle array config-
urations in question allows us, when constructing a three-
dimensional description of the gas flow in the nozzles and the 
laser chamber, to restrict consideration to one period of the 
nozzles along the z axis and one half-period of the teeth along 
the y axis (Fig. 2). The selected flow area was divided by a 
hexagonal array, while in the flow area of the laser chamber, 
the array was positioned so that the distances between adja-
cent nodes in all three dimensions were identical.

The boundary conditions at the inlet to the oxidiser nozzle 
included data on the pressure, temperature values and oxidis-
ing gas composition. These data were determined as a result 
of thermodynamic calculation of the fuel composition used in 
[6], the molar flow rates of the components of which are pre-
sented in Table 2. The obtained temperature T0 was 1800 K, 
with mass fractions СF = 0.133, СHF = 0.141, СHe = 0.256, 
СCF4

 = 0.309, and СN2
 = 0.138. It is worth noting that the 

obtained mass fraction of atomic fluorine turned out to be 
close to its optimal value according to the criteria given in [7].

In accordance with work [6], the pressure p0 in the com-
bustion chamber was taken equal to 10 atm; however, the 
pressure values of 5 and 2 atm in the combustion chamber 
were also considered.

The temperature T0 and the pressure at the secondary 
fuel nozzle inlet were assumed to be 500 K and 3 atm, res
pectively. The mass fractions of the components, recalcula
ted from their molar flow rates (see Table 2), were as follows: 
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Table  1.  Linear dimensions (in mm) of the toothed nozzle array under 
consideration.

D H L1 L2 h1 h2 D1 D2

5.46 1.25 4.3 2.3 0.13 0.085 2.3 1.5
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СD2
 = 0.406, and CHe = 0.594. The nozzle wall temperature 

was also set equal to 500 K.

3. Description of the numerical model. Basic 
assumptions

The processes occurring in the CWCL active medium, in add
ition to mixing the jet flows of the oxidiser and secondary fuel, 
include a multitude of elementary physicochemical transfor-
mations that lead to the formation of population inversion at 
the vibrational – rotational transitions of the HF (DF) mole-
cule. In the presence of an optical resonator, the appearance 

of population inversion leads to the generation of radiation 
and, accordingly, to additional radiation processes occurring 
in the active medium. For this reason, a rigorous calculation 
of the energy characteristics and structure of the radiation 
field in the active medium should be based on the use of a 
system of gas dynamics equations together with a system of 
equations for the laser radiation field generated in the optical 
resonator. In deriving these equations, it is assumed that the 
CWCL optical resonator is a Fabry – Perot resonator formed 
by two plane-parallel mirrors. It is assumed that the distribu-
tion of HF (DF) molecules over the rotational levels is Bolt
zmann. In this case (for fast rotational relaxation of molecu
les), radiation generation in the vibrational bands v ® v – 1 in 
each cross section fixed along the flow only occurs at a single 
vibrational – rotational transition of the P-branch v, jv ® v – 1, 
jv –1. In this case, the rotational quantum number j in this 
cross section is determined by the condition of the maximum 
gain averaged along the optical axis in the corresponding vib
rational band.

The gain is the main characteristic of the active medium, 
which allows one to evaluate the CWCL energy characteris-
tics. Local value of the gain at a given vibrational – rotational 
transition of the P-branch v, jv ® v – 1, jv –1 for an HF or DF 
molecule, defined by the x, y, z coordinates, is calculated as 
follows:
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where r is the mixture density; NA is Avogadro number; с is 
the speed of light; A ,v v

j
1

,v v 1
-
-  is the Einstein coefficient for spon-

taneous emission at a given vibrational – rotational transition; 
Wi is the molecular weight of the i th component; qrot is the 
characteristic rotational temperature ( rot

HFq  » 30 K, rot
DFq  » 

15.8 K); T is the temperature; Ci is the mass fraction of the i th 
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Figure 1.  Configuration of a toothed nozzle array.
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Figure 2.  Scheme of the problem statement.

Table  2.  Normalised values of molar flow rates of components 
supplied to the combustion chamber and secondary fuel path (according 
to work [6]).

Combustion chamber Secondary fuel path

GNF3
 = 0.072 GD2

 = 0.17

GC2H4
 = 0.013 GHe = 0.249

GHe = 0.496
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component; f  (v0) is the function determining the shape of the 
spectral line with allowance for both Doppler and Lorentzian 
broadening (at high pressures in the active medium, the con-
tribution of Lorentzian broadening can be significant),

f (v0) = ( ) [1 ( )]ln exp erf
v

a a2 2
D

2

p D - ,

erf(a) = 
a

( )exp dt t2 2

0p
-y  is the error function;

v0 is the centre frequency (in сm–1) of the transition line; a = 
DvL / DvD ln 2 ; DvD = (2v0 /c) ( / ) lnRT W2 2i  (Doppler line 
width); DvL = 5 ́  106 p 300/T (Lorentz line width); R is the uni-
versal gas constant; and p is the pressure in Torr.

The transition probability v, jv ® v – 1, jv –1 is described by 
the square of the matrix element Rv, v – 1. The Einstein coeffi-
cient included in the expression for the gain is related to the 
matrix element by the expression
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Matrix elements for various transitions of the P-branch of 
HF and DF molecules were most accurately calculated in [8], 
where the following dependence was proposed:

Rv, v – 1 = a0 + a1(– jv – 1) + a2(– jv – 1)2 + a3(– jv – 1)3.	 (3)

The coefficients a0, a1, a2 and a3 for calculating the matrix ele-
ment values are given in Table 3.

To determine the small-signal gain for the toothed nozzle 
array configuration in question and compare the results obt
ained with the experimental data presented in [9], we used the 
relation
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where hy, hz are the dimensions of one half-period of the teeth 
and one period of the nozzles, respectively; and g ,v v

j
1

,v v 1
-
- (x, y, z, v) 

is local value of the small-signal gain for a given vibrati
onal – rotational transition of the DF molecule.

4. Results of calculating the mixing of reagents 
for an AMG in a DF CWCL with different 
designs of nozzle arrays

The example of the mass fraction distribution of atomic fluo-
rine in Fig. 3a shows a change in the mixing surface at a dis-

tance of 3 mm from the cutoff of the nozzle array under consid-
eration. For comparison, a similar picture corresponding to the 
case of an equivalent slit nozzle array is shown in Fig. 3b.

By plotting the concentration distribution of atomic fluo-
rine in the central section of the oxidiser nozzle, we can quali-
tatively estimate the intensity of the mixing of the components 
in the laser chamber along the flow. The distribution data 
obtained for the three considered cases of the pressure in the 
combustion chamber are shown in Fig. 4. It is seen that with 
increasing pressure in the combustion chamber and, accord-
ingly, with increasing pressure in the active medium, the mix-
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Figure 3.  ( Colour online ) Distribution of the mass fraction of atomic 
fluorine at a distance of 3 mm from the cutoff of ( a ) toothed and ( b ) slit 
nozzle arrays. 

Table  3.  Coefficients a0, a1, a2, and a3 for calculating matrix elements.

v
HF

a0 a1 a2 a3

1 1 ́  10–19 – 2.681 ́  10–21 6.899 ́  10–24 – 2.181 ́  10–25

2 1.401 ́  10–19 – 3.876 ́  10–21 6.250 ́  10–24 – 2.809 ́  10–25

3 1.688 ́  10–19 – 4.848 ́  10–21 3.393 ́  10–24 – 3.263 ́  10–25

4 1.902 ́  10–19 – 5.7 ́  10–21 – 5.726 ́  10–24 – 3.822 ́  10–25

DF

1 8.524 ́  10–20 – 1.644 ́  10–21 3.73 ́  10–24 7.126 ́  10–26

2 1.2 ́  10–19 – 2.365 ́  10–21 4.191 ́  10–24 8.931 ́  10–26

3 1.456 ́  10–19 – 2.942 ́  10–21 3.973 ́  10–24 1.07 ́  10–25

4 1.66 ́  10–19 – 3.442 ́  10–21 3.108 ́  10–24 – 1.232 ́  10–25
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ing zone’s length increases. This is explained by a decrease in 
the diffusion of individual components, which, in turn, leads 
to a decrease in the rate of secondary fuel penetration into the 
oxidiser flow’s core. However, despite the negative effect of 

increasing pressure on the mixing rate, it may be stated that 
complete mixing of the components in all three cases occurs 
already at distances of about 2 – 2.5 cm.

If we consider an equivalent slit array, even at the lowest 
of the considered pressures in the combustion chamber, the 
length of the mixing zone of the components will be several 
times larger (Fig. 5).

Thus, the use of toothed nozzle arrays in the CWCL active 
medium generator allows more efficient mixing of reagents in 
the laser chamber compared to the case of slit nozzle arrays.

5. Calculation of the amplifying properties  
of the DF CWCL active medium  
with a toothed nozzle array

Using expression (4) and data on the fields of gas-dynamic 
parameters obtained for the amplification regime using the 
Ansys CFX software, as well as the toothed nozzle array con-
figuration proposed, the small-signal gain values were calcu-
lated at a pressure of 10 atm in the combustion chamber for 
three vibration – rotational transitions P6(2 – 1), P8(2 – 1), and 
P7(3 – 2) of the DF molecule in several cross sections along 
the active medium flow. The choice of these transitions, as in 
work [9], is explained by the fact that the results of the experi-
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Figure 4.  ( Colour online ) Distribution of the mass fraction of atomic 
fluorine along the flow of the DF CWCL active medium with a toothed 
nozzle array in the central plane of the oxidiser nozzle at different pres-
sures in the combustion chamber ( zero point is the nozzle array cutoff ).
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Figure 5.  ( Colour online ) Distribution of the mass fraction of atomic 
fluorine along the DF CWCL active medium flow with a toothed ( with-
in one half-period along the y axis ) and an equivalent slit nozzle array 
in the central plane of the oxidiser nozzle at a pressure of 2 atm in the 
combustion chamber.
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Figure 6.  Distributions of the small-signal gain g on the vibration-
al – rotational transitions ( a ) P6 (2 – 1), ( b ) P8 (2 – 1), and ( c ) P7  (3 – 2) 
of the DF molecule ( solid curves, experiment; , calculation; and , cal-
culation with the replacement of the toothed nozzle array by an equiva-
lent slit nozzle array ).
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mental measurement of the small-signal gain are presented in 
work [6]. In contrast to [9], the set of rate constants for chem-
ical and relaxation processes (hereinafter referred to as the set 
of constants) was taken from works [10, 11] rather than from 
[12]. The obtained distributions of the small-signal gain as a 
function of the distance from the nozzle array’s cross section 
for three vibrational – rotational transitions of the DF mole-
cule are shown in Fig. 6.

One can see that, in contrast to the data given in work [9], 
the selected set of rate constants allows us to predict the gain 
value fairly adequately at all three vibrational – rotational 
transitions. Significantly lower gain values in the case of a slit 
nozzle array are due to the small mixing surface area of the 
adjacent oxidiser and secondary fuel jets and, at the same 
time, a high pressure in the contact zone (about 20 Torr), at 
which the diffusion of components is significantly hindered. 
Such differences in the calculated values of the small-signal 
gain show how much the introduction of the toothed wall 
geometry into the slit nozzles of the oxidiser and secondary 
fuel can improve the gain properties of the active medium 
under other conditions being the same.

6. Conclusions

1. The proposed kinetic model of the processes in the DF 
CWCL active medium allowed us to reach a good agree-
ment between the results of using this model and published 
experimental data on small-signal gain measurements at 
various vibrational – rotational transitions of the DF mole-
cule, obtained for an AMG with a toothed nozzle array.

2. It is shown that the presence of protrusions in the super-
sonic part of the oxidiser and secondary fuel nozzles allows 
more efficient mixing of reagents in the laser chamber in a 
relatively wide range of pressures compared to the slit nozzle 
arrays.

3. Significantly lower values of the small-signal gain were 
obtained when replacing the toothed nozzle array with an 
equivalent slit nozzle array, which is explained by a lower rate 
of mixing reagents and, consequently, a lower rate of forma-
tion of vibrationally excited DF molecules.

The next step in the study of active medium generators 
with toothed nozzle arrays may be exploration of the energy 
characteristics of the CWCL active medium with such arrays.
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