SELECTING GAS DYNAMICS CHANNEL PARAMETERS FOR ELECTRICAL
DISCHARGE FAST FLOWRATE LASERS
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Using lasers with powers over 1 kW has become common in industry. Compactness and
high efficiency are important requirements to take into account when designing la-
sers. Fast flowrate CO, lasers with independent discharges have wide application
in industry, whose radiators are quite large because of the low density of the
working gas. When considering the compactness and efficiency of these lasers, one
must not ignore questions concerning the optimal correspondence of the character-
istics for the pumping device (PD) of the gas and for the closed gas dynamics chan-
nel (CGDC) of the laser radiator. The PD must ensure circulation of the gas at a
rate determined by the assigned power of the laser for the smallest size of the
radiator and for small noise and vibration levels. The configuration and dimen-
sions of the CGDC, the means of arranging its elements, the characteristics of the
gas flow in the pumping zone, and the power of the active medium all determine the
gas resistance of the closed channel and the loss of power at pump, which is 5 to
25% of the total power required in lasers with powers up to 10 kW [1, 2]. One may
find information on the application of various PD in fast flowrate lasers [3-9],
but there is no data on the characteristics of closed CGDC, which are determined

by the PD parameters. There is currently an absence of literature dealing with the
selection of optimal parameters for the electrical discharge, the gas flow, and the
configuration of the flow section of the CGDC. We will take a comprehensive ap-
proach to determine the parameters for the gas flow in the pumping zone and the gas
characteristics for the contour elements and the pumping device.

Possible values of gas velocity and pressure in electrical discharge systems are often
determined according to data on the limiting energy characteristics of the discharge. As an
example, we will consider possible values of the parameters for a flow in a laser with an
unsectioned electrode system [10], whose limiting energy characteristics were determined as
functions of the gas flow velocity in [11], using the additional generation data given in
Fig. 1, where € is the specific energy contribution, P and I are the generation power and the
discharge flow (lines 1 and 2), which are given in relation to a meter of the length of the
electrodes. The data in Fig. 1 corresponds to an electrode gap of 7.5 cm and a gas mixture
of CO,:N,:He = 3.3:10:6.7 hPa. It is evident that the flow velocity at the input to the
pumping zone must not be less than a certain threshold velocity for obtaining stable heating
of the discharge. Using the limiting characteristics, a range for stable discharge states
can be determined in pressure-velocity coordinates.

Values for the threshold velocity v* as a function of gas pressure p for electrode gaps
of 5.1 and 2.8 cm (lines 1 and 2, where the dashed sections indicate extrapolation). The
range of values for the gas velocity and pressure that lies to the left of curves 1 and 2
corresponds to stable modes. Limiting values of the gas pressure (which are not shown in
the plots) do not exceed 50-60 hPa. Because of the low pressures and velocities of the gas
flqw, the flow states in the laser channels correspond to low Reynolds numbers (Re = 102-
10*). Figures 1 and 2 give all the information that is necessary for determining the char-
acteristics for the contour and the pumping device. It should be emphasized, however, that
the discharge is inhomogeneous over the height of the channel, the energy contribution is
nonuniform, and the local values of the gas velocity and temperature greatly differ from the
average values. This leads to additional losses in the total pressure — an irreversible
transformation of the kinetic energy of the flow into pressure — during gas flow in the chan-
nels of the pumping zone and of the diffusor. Using Figs. 1 and 2, one can determine the gas
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pressure and velocity at the input to the pumping zone, but they will be limited by the char-
acteristics of the CGDC and PD.

We will consider the characteristics of the CGDC and PD as functions of the velocity
of the gas flow and of the specific energy contribution. A schematic of the CGDC is illu-
strated in Fig. 3, where 1 is the pumping zone, 2 is the diffusor, 3 is the thermal exchange,
4 is the PD, and 5 is the channel connecting the PD with the pumping zone. The characteris-
tics of the CGDC can be put in the form Ap = {pev?/2, where Ap is the pressure loss in the
CGDC, T is the resistance coefficient of the CGDC, and p and v are the gas density and veloc-
ity at the input to the pumping zone. The resistance coefficient of the CDC is a sum of the
resistance coefficients of its individual sections related to the velocity v. The basic
sources of pressure loss in the CGDC are the following: the pumping zone, the thermal ex-
changer, the diffusor, the elements for equalizing the velocity profile before the pumping
zone, and the organization of the closed cycle (the rotation, etc.). To determine the pres-
sure loss in the CGDC, we will ignore a change in the temperature at the channels connecting
the pumping zone with the PD and with the thermal exchanger and the thermal exchanger with
the PD.

We will estimate the pressure losses in the pumping zone that are due to a change in the
temperature of the gas, where it is assumed that all of the electrical energy contributed to
the gas flow is transformed into thermal energy. Losses due to friction will be ignored,
which is permissible if the length of the channel in the direction of the flow is comparable
with the size of the electrode gap. In the channel with the thermal feed, the pressure
losses are determined by the relation {12]

Ap; = (T T — 1)pv?/2,

where T and T, are the temperatures of the gas at the input and output of the pumping zone,
respectively. Assuming that T, = T + S/Cp (cp is the specific heat of the working gas), the
expression for the resistance coefficient of the channel during pumping has the form g; =
e/ (e, T).

P

For estimating the pressure loss at the thermal exchanger, we will use the relation
between the power adsorbed by the thermal exchanger and the losses due to friction {13]

Ap,y = pyv5 (T — T/t

Here, T, is the temperature of the gas at the output of the thermal exchanger; p, and v, are
the gas density and velocity in the channels of the thermal exchanger; t is the average ther-
mal pressure between the gas and the walls of the thermal exchanger. It is evident that for
a decrease in Ap,, one must increase the area of the cross section of the thermal exchanger.
However, the pressure losses due to expansion of the flow in the diffusor connecting the
pumping zone and the thermal exchanger increase. Hence, losses at the thermal exchanger must
be considered in their relation to losses in the diffusor. Pressure losses due to expansion
of the gas flow in the diffusor can be estimated with the following equation [14]

Aps = @ (1 — 1/n)2p,03/2,
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where @ is a coefficient (when ¢ = 1, it is called the Board equation); n is the degree of
expansion in the diffusor (the ratio of the wide to narrow areas of the channel); p; and v,
are the gas density and velocity in the narrow section of the diffusor. For small Reynolds
numbers (Re < 2:10%), one can find no data for making accurate calculations of ¢ [14]. To
decrease the size of the laser, one should use short diffusors with large-angle openings
(greater than 40°) or staggered diffusors. For these diffusors, as was shown in [14], cal-
culations of the pressure losses with the Board equation agree well with experimental results.
Therefore, we will assume that ¢ = 1. Under real conditions, the quantity @ can be much
greater than unity due to the nonuniformity of the velocity at the input to the diffusor [15].
Pressure losses in a diffusor with resistance at the output can be considered a sum of the
loss due to isolated diffusors and the resistance [15], and the expression for the resistance
coefficient for the diffusor-thermal-exchanger system has the form

L (1 — 1/n)? + Lo/(n2E?).

Here, k is the coefficient for the cross section of the thermal exchanger (the ratio of the
area of the cross section of the thermal exchanger to the area of the output cross section
of the diffusor); {7 is the resistance coefficient of the thermal exchanger. According to
(13, 16], Cr = Aucp(T, — T,)/Nuit), where A is a coefficient that accounts for the form of
the channel and for the cooling efficiency; u is the coefficient of dynamic viscosity; Nu is
the Nusselt criterion; and A is the coefficient of thermal conductivity of the working gas.

Values of {, as a function of n are given in Fig. 4 that were calculated with the mix-
ture CO,:N, = 1:3, T, = T, = 200°K, &7 = 13.6, k = 0.75. The minimum value of 75(x1) is ob-
tained when n = Z;T/k2 + 1, but it is evident that already for n = 8-10, {; = 1. It then fol-
lows that an increase in the ratio of the area of the thermal exchanger to the area of the
channel cross section in the pumping zone is more than 8-10 and does not allow a substantial
gain in reducing the pressure loss due to cooling of the working gas. Hence, the minimum
value of the total resistance coefficient of the diffusor with the thermal exchanger can be
taken as equal to unity. Recalculating the parameters of the gas flow at the input to the
pumping zone, we find that ¢, = 1 + e/(cpT).

We will estimate the pressure losses in the CGDC due to the organization of the closed
cycle and to the need to obtain a uniform velocity field before the pumping zone. A compres-
sion channel section and grids are typically used for equalizing the velocity profile. Ac-
cording to [15], the resistance coefficient of the grid must be equal to 2-3, and, then, in
combination with the diffusor beyond the PD, the resistance coefficient of the section with
the equalizing elements leading to the cross section of the channel at the output of the PD
will be approximately 0.7. Using the data in (16] on the optimal configuration of the chan-
nel, the resistance coefficient for the compression sections can have a minimum value of 0.1
and rotational values of 0.1-0.2. With sufficiently large transmission cross sections for the
rotational sections (the input area to the PD must in this case be equal to or greater than
the area of the channel cross section in the pumping zone), the total minimum resistance co-
efficient for the flow-formation sections is related to the parameters of the flow before
the pumping zone, {, = 1.

Summing the resistance coefficients for individual elements of the contour, we find that
Cmin ® 2(1 + e(cpl)).

For a high flow rate laser, the maximum value of the specific energy contribution is
limited by the temperature of the gas at about 600°K (T, = 2T), where one already observes
significant thermal isolation of the lower laser levels, epzx * cpT. Hence, fpip = 4.

In the closed cycle, the working state of the PD corresponds to p — p, = {pv?/2, where
p and p, are the gas pressures at the output and input to the DP, respectively. The oper-
ation of the PD is characterized by the value of the pressure coefficient mg = p/p,. The
values of mg as a function of the gas flow parameters in the pumping zone can be written as
1+-——§
(a is the thermal velocity of the molecules).

Knowing the value of mg, one can estimate the gas temperature at the output of the PD
from the conditions of adiabatic gas compression

T = Tnlv v
(T, is the temperature at the input to the PD).
793
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We will consider the power loss in the pump as a function of the generation power and
of the parameters € and v. The generation power is related to the flow parameters by the
relation [17] P = neG, where n is the electro-optical efficiency, typical values of which
are 0.15-0.25 for CO, lasers; G is the mass flow rate of the gas through the pumping zone.
The power at the pump can be expressed by the relation N = {Gv?/2. Then, the expression for
the power at the pump, which is related to the generation power, has the form

N 2
N _r,
P 2ne

and we have the following for the unavoidable power expenditures at the pump in a contour with
minimal losses

N_. 2 22
;"‘z(1+%)i,~v ”Tu
Ty M8 M,

The specific power of the pump N/P characterizes the efficiency of using the PD and the qual-
ity of the CGDC.

Lines 1-3 in Fig. 5 represent the dependences of wg, T, and N/P on the velocity v for
fixed value of n and ¢, £ = 4 and cP/cV = 1.4. It is evident that when v < 70 m/sec, the
quantity mg does not exceed 1.15, and the temperature in the PD increases to a level no
greater than 10°K. The PD is conditionally classified in terms of mg, where the smaller the
value of mg, the fewer are the requirements imposed on the flow section, while the range mg <
1.15 pertains to the ventilators [18]. For flow velocities greater than 70 m/sec, mg, T, and
N/P increase greatly. Increasing T requires one to add another thermal exchange after the PD,
which in turn increases mg and N/P. Hence, the use of electrical discharge devices for pump-
ing where v > 70 m/sec imposes more requirements on the profile-forming flow section of the
PD and the CGDC. As one can see, there are significant limitations in selecting v that are
related to the technological design of the PD and the CGDC, whose operation determines the
reliability of the laser and the efficiency of using pump technology.

In real systems, the size of the laser is decreased only at the expense of increasing the
total pressure loss, and, therefore, one employs pump technology with the largest value of
Tg, expending additional power in the pumping of the gas.

Measurements are given in Fig. 6 for the dependences on the flow rate of the gas through
the pumping zone; lines 2, 4 — the generation power P; 1, 3 — the power contributed to the
discharge W; 5, 6 — the ratio of the power expended on the pumping of the gas to the genera-
tion power N/P. The power due to pumping of the gas is determined by direct measurements of
the power at the electric drive of the ventilator, from which preliminary losses due to fric-
tion and in the mechanical sections of the ventilator and losses in the drive are calculated.
The results are given for two lasers consisting of identical CGDC elements in addition to
pumping channel cross sections (the cross section of the pumping channel of one of the lasers
is 1.7 times greater than that of the other). Lines 1, 2, and 6 pertain to a laser with a
pumping channel cross section that is increased by using two identical electrode systems [10]
that are located in parallel flows of gas and are connected by the same resonator. The gen-
eration power and the power expenditure due to the pumping of the gas are best determined
with two excitation systems rather than one. The gain in generation power is related to the
higher energy contribution that is possible in a laser with two electrode systems. However,
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the relation for the cross-sectional dimensions of the CGDC elements is less than optimal,
n = 3, where n = 6 for a single-electrode system. Therefore, the gain in N/P is related
only to an increase in the generation power, it can be much greater if the relation between
the contour elements is more optimal. The maximum power expenditures due to pumping are 4%
of the power contributed to the discharge.

Hence, we have analyzed the effect that the geometric characteristics of the fundamental
elements of the gas dynamic contour of a laser and the parameters of the gas flow in the
pumping zone have on the characteristics of the pump system in a high flow rate laser with a
closed-cycle gas flow. Ranges on the states of a laser with an independent electric dis-
charge have been given, which allows one to select the parameters of the gas flow before the
pumping zone and the dimensions of the electrode configuration for laser design. Expressions
were obtained for determining the unavoidable power loss due to pumping. Minimal power ex-
penditures due to pumping for every kilowatt of generation can be obtained for maximal energy
contributions, which are limited by the heating of the gas to a limiting temperature (~600°K),
where the pumping efficiency and the efficiency of the laser decrease. At these energy con-
tributions e/cpT % 1 and ¢ % 4.

It was shown that when designing a contour with optimal dimensions (with respect to
minimal power expenditure due to pumping), a PD such as a ventilator can be used to achieve a
flow rate of up to 70 m/sec; where one attains a power of ~3 kW for every meter along the ac-
tive length of the laser. A further increase in the laser power an be achieved by increasing
the cross section of the active medium through the use of two or more discharges in parallel
gas flows.
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INFLUENCE OF RADIATION INTENSITY AND PARAMETERS OF THE MEDIUM ON THE
DEPTH OF COOLING AND THE CHANGE IN THE INDEX OF REFRACTION DURING
THE ADSORPTION OF RADIATION WITH A = 9.2-10.6 pm BY WATER VAPOR

A. A. Sorokin and A. M. Starik UDC 539.196+546.214

The possibility of cooling molecular gases by laser radiation has recently attracted
the interest of many investigators [1-5]. A decrease in the temperature of the medium in the
channel of an actuating laser beam leads to the formation of a thermal converging lens and,
as a consequence, to self-focusing of the laser beam [5]. One of the gases absorbing the
radiation of a CO, laser with a wavelength A = 9.2-10.6 um most intensely is water vapor.
It was assumed earlier that the adsorption of the energy of radiation with A = 9.2-10.6 um
by water vapor leads to heating of the medium in the beam channel and the formation of a di-
verging thermal lens [2]. The possibility of cooling of a medium containing water vapor upon
the action of a radiation pulse with A = 9.2-10.6 um and a duration less than the time of
V=T relaxation of deformation vibrations of H,0 molecules was demonstrated only recently
[6]. Here the cooling mechanism is analogous to the mechanism of cooling of a gas of diatomic
molecules upon resonance absorption of radiation in the P branch of a vibrational —rotational
transition discussed earlier [7].

In the present paper, on the basis of analytic relations obtained, we analyze the in-
fluence of the intensity of the actuating radiation and the parameters of the medium contain-
ing water vapor on the depth of cooling and the change in the index of refraction during the
absorption of radiation of a CO, laser in vibrational —rotational transitions of H,0 mole-
cules.

It is well known that the radiation of a CO, laser with a wavelength A = 9.2-10.6 um

is absorbed, depending on its frequency, by water vapor both in the purely rotational band of
the vibrational ground state and in vibrational —rotational transitions of the deformation mode
(0 > v,) [8]. 1In the present work we consider only those radiation frequencies of a CO, la-
ser which are absorbed in the 0 - v, band of the H,0 molecule for a medium consisting of the
gases H,0, O0,, and N,. We recall that cooling of the gas in this case is possible only under
the action of radiation with a frequency in resonance with the frequency of a line of a vibra-
tional —rotational transition for which the rotational energies of the upper (Ej") and lower
(Ej') levels satisfy the inequality Ej" < Ej' [6].

As usual, we assume that the width of the line of the radiation acting on the medium is
considerably less than the width of the spectral absorption line. We shall carry out the
analysis for ty » max (1g-r, Ty-y), where 11, TR-T, and Ty.y are the characteristic times of
induced transitions and of rotational—translational (R—T) and intramodal vibrational —vibra-
tional (V—V) exchanges, respectively. In this case the distribution of H,0 molecules over
the rotational levels can be taken as a Boltzmann distribution with a translational tempera-
ture T, while the change in the state of the medium over times t < 17, Tc (tp and 7. are the
heat-conduction and convection times) under the action of radiation with A = 9,2-10.6 uym can
be described by the system of equations [6]

de

gtl = % [Lg, W5, — L, W3sl; (1)
de k Ip? ’ . g
_dig = %[ﬁ%ﬁ’ﬂz_vl * 2L12W12 + 2L32W32 - L24W2472_(32'_820)W20]’ (2)
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