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The aim of this paper consists in estimating the influence of the radiation intensity coming back to
the cavity of a cw gasdynamic source-laser, after being reflected by a passive target or supplied by
a second interacting laser (active target) on laser energetic characteristics. The passive target
denotes the target which cannot send back the light beam of intensity exceeding that generated by
the source-laser. The mentioned intensity is attenuated on its way to the target and back to the
laser. The active target denotes the target on which the second arbitrary high-power laser is
installed. The response light beam intensity generated by this second laser can overcome losses of
the light energy transport through the atmosphere, and its value entering the source-laser cavity
can be much greater than the intensity initially sent to the target. An interaction between cw
gasdynamic source-laser and active target can eventually lead to the gasdynamic laser destruction.

1. Introduction. Equations and boundary conditions

In the applications consisting in an interaction of the high-power laser with the
targets, attention is given to prevention of the coming back light beam from entering
the source-laser active cavity. Nevertheless, such a situation cannot be always
completely eliminated. Investigators [1], [2] dealing with laser treatment of metals
(welding, cutting, metal surface processing) do notice an increase of the source-laser
output power which sometimes needs an appropriate change of resonator quality for
ensuring the attempted results of a carried-out technological operation. It seems
justified to predict that for the laser-active target interaction this effect can be even
more important.

The purpose of this paper consists in estimating the influence of the beam coming
back from the passive or active target on the optical efficiency of a cw gasdynamic
laser active cavity. The problem is treated in terms of Rigrod-Marlow rate equation
theory [3], [4] describing thermally excited lasers; the gain (population inversion) at
its cavity entrance being created by a supersonic flow-forced cooling due to the
difference a of the rate constant values responsible for the upper and lower
vibrational laser level relaxation. In what follows, it is assumed that due to a fast
exchange of energy the rotational distribution function remains Maxwellian and
only the maximum gain radiative transition from among J >J (AJ = 1) is
considered thus forming a two-level laser system. Additionally, the calculations are
carried out under the premise that fast, transverse to the optical axis, flow-forced
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convention can be regarded as a most efficient physical mechanism responsible for
supplying and removing the vibrational energy from the two-dimensional flat
parallel mirrors cavity. Under the above assumptions the equations describing cw
gasdynamic laser cavity of the geometry shown in Fig. 1 can be written in the

following form [5]:
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where Nmand Nnare the populations of the upper and lower vibrational laser levels,
fm(JImex) and fn(Jmex) are the Maxwell-Boltzmann distribution function values for the
rotational sublevels of the m and n vibrational levels, N} and NJ indicate the
densities of photons moving within cavity region G (Fig. 1) along the rays s =y in
the direction parallel (N/ ) and antiparallel (NJ) to the y coordinate, Brmand Brmare
the modified Einstein coefficients [5] of stimulated emission and absorption,
respectively, and finally v and c indicate the flow and light velocities. The X,
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y coordinates describe the plain cross-section of the cavity region G, perpendicular
to the z coordinate (Fig. 1). In Figure 1 the length, width and the distance between
two flat parallel mirrors Z+ and Z~ are indicated by Lx, Lz and Ly. The dissipative
properties of mirrors are measured by their reflectivity coefficients R + (reflecting
mirror) and R~ (transmitting mirror).

For the geometry shown in Figure 1, Equations (I)-(4) should satisfy the
following boundary conditions:

Nn(o!y) = NnQN n(o!y) = NTQ )
Nf (x,LyY) = R+NTf (x Ly), 6)
N/{x,0) = R~N f (x,0) + N$'a). N

Equation (5) sets the value of the gain at the cavity entrance. Equations (6) and (7)
interrelate the incident and reflected light intensities at the resonator mirror surfaces.
The additional photon number density Afpa) denotes the intensity of radiation field
coming back from the passive or active target which enters into the source-laser
cavity through its transmitting mirror.

If the target is a passive one, the unique source of the is Nf(x, Q). It is,
therefore, easy to establish the relation between those two quantities. It has the
following form:

Mp = (1—R~)(I—Rb }-Rexp[ —(KLT+ KTDLLX] N J (%,0). ®)

It seems also reasonable to assume that the response of the active target will be
related to the sensed signal coming to it from the source-laser. Therefore

Ma = H1 Rb)exp[ - (KTL+ KLT)LLT] N J (x,0) )

where Rf is the reflectivity of the source-laser transmitting mirror outer surface, Rt
stands for the target reflectivity, L 1t is the distance between the transmitting mirror
Z~ and the target surface, kLT and KTL are the attenuation coefficients measuring the
light absorption and other dissipative losses of the laser beam on its way to the target
(kLX) and back (kTL), respectively. In Eqg. (9) the parameter Sindicates that the power
sent to the source-laser by the active laser can arbitrarily exceed the gasdynamic
laser power.

In view of Equations (8) and (9) the boundary condition (7) can formally be
rewritten in a simple form

N}x,0) = XR-Nf {x,0) (10)
where the inner structure of algebraic coefficient Xr follows the relation
+ (12)
for a passive target, and
2r=1+S(R-)~“(1-*")(ln-**)exp[- (di+ 1) 1t (12)
for an active one.
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In the calculations the assumed arbitrary response of the active target permits us
to use the boundary condition in the simpler form (10) and apply Eqg. (9) to recover
the coefficient Owhich, following Eq. (10), allows us to calculate the power generated
by this target and needed to attain some Xr values particularly important for
applicative reasons. The coefficient(s) of the light-beam intensity, decrease occurring
during its propagation through the atmosphere, follow the known relation [6]

®

LT = kTL= k(X) = N$0 <r(r,X)f{r)dr (13)

where N is the concentration of molecules per unit volume; <r(r,X) stands for the
attenuation of radiation and is the function of the wavelength and molecule
dimensions; / (r) describes the function of distribution of molecules with respect to
their varying dimensions. Relation (13) takes into account the dissipative processes of
infrared radiation due to its absorption by the gaseous components and its scattering
occurring on the fluctuations of the density of molecules (molecular scattering), on
the aerosols, and on disuniformities created by the atmospheric turbulence.

For the case of average atmospheric conditions when the particle concentration
amounts to N = 28 cm-3, kLT = kTL are for X= 10.6 /un equal to 19.6 cm-1 when
the target is placed at the distance L1t = 0.2 km from the source-laser; with the
increase of this distance kKL increases in a manner directly proportional to

A= Lu [6]

2. Dimensionless formulation of the problem and its formal solution

Further on the dimensionless forms of Equations (1H12) will be used. The lengths
along x, y and z coordinates are scaled in the following manner: the mirror length
Lx(l; = x/Lx), the distance between the mirrors Ly(j = y/Ly), and the mirror width
L2(( = z/L2, respectively. The populations of the upper and lower vibrational laser
levels are scaled by their values at the entrance (x = 0) of the -cavity
{rm—NJN nOn,, = NIJNnO. The photon densities (Nj, NJ and Nb are made
dimensionless by dividing them by the number of vibrational quanta brought to the
cavity inlet with the transverse flow of the molecules excited to the upper vibrational
laser level (Nm) giving nj = Nj/Nm nj = NJ/Nmand nb= N/Nm Dimensionless
gain g is equal to G multiplied by the distance between resonator mirrors, (g = GLY).
All coefficients entering relations (11) and (12) defining Xr for a passive and active
target are dimensionless from the beginning.

Introducing dimensionless notation Equations (1)—) can be rewritten in the
following forms:

d\n(rif) _ d\n{nf ) _

14
ar] dr] ( )

"T& D= R+nJ(t,l1), n}(C,0) = R-nJ(C,0), g(0, rj) = gO (15)
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where [6]:
g=(/0,-min/lhnJ N,,0fJ T 0,Jm,)2
90=9(n" =""=1i)’ io=exp[ K € " & )}

= Bnmfn(To,Jmax)/*mnfmi?*O’*"max) — 9m!9n ~ 1*

In the above given relations gm gnare the statistical weights of the m and n states,
AnmeBmand Brmare the Einstein coefficients of the spontaneous emission and of the
stimulated emission and absorption, JZ2(v, vm,) is the normalized line shape function
for the radiative transfer (m,J max) <>(n, Jmax) of the central frequency vim hcojk and
hwjk are the energies of the upper and lower laser level, Tm Thand Tare vibrational
temperatures of the asymmetric stretching (v3), symmetric stretching (vj and doubly
degenerated bending (v2) modes, and the gas mixture translational temperature,
respectively. The subscript “0” refers all quantities to their values at £ = 0 (cavity
entrance).

Fig. 2. Efficiency of a cw gasdynamic source-laser interacting with the active target for g0= 0.5

Taking into account that for practical reasons the Z+ mirror can be treated as
a totally reflecting one {R+= 1), Egs. (14) and (15) have almost identical formal
structure as those investigated in [5] and [7]. Consequently, the solution defining
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nj (£, 0) which allows us to calculate the cw gasdynamic source-laser output power is
given [5], [7] by a properly normalized Dirac pseudo-function <&X£), whose norm
has the following form:

2 fl AR-+VArR- If l-exp(-g® 1)

16
[7t(1+;.0RM "L 1-7AA Ljr o J_2R~ +exp(—30) Jj (16

IM&O0)|| =
The corresponding to Eq. (16) output power is equal to

Pf = (I—RnhcmexLﬂ\IrTO%\\nJ(EM \SAL-
If the maximum virtual radiation power brought to the cavity by the following
medium is defined [5], [7] by the relation

Pv = hvvnrLyL zN 0,

then the optical efficiency is given by the Pf to Pvratio and can be expressed by the
following formula:

fint= 1 (1-R~) AR- + I1- 1—exp(—g0) J)

= : J (17)
9 (1+KR ) 1- y/IjJF  JLKR"+exp(- g0 JJ

where newly introduced dimensionless parameter

Fig. 3. Same as in Fig. 2, but only for g0 = 1.0
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n=1 /p-minla, < 1
M 10 H-min/th ~ 2

measures the difference between the boundary value of the inversion parameter 10
and its minimum threshold value Jih. Relation (17) being given, the problem can be
considered as formally closed.

Relation (17) offers four constraining inequalities which ought to be fulfilled if the
source-laser has to give the net output power. In the presence of the back reflected
radiation field, two of them have the following forms:

I7f> 0, 2F lexp(-2°0)< R~ < 1 (18)

The first of these inequalities is not a strident one as it is always fulfilled apart from
a very specific case 70 = min/thin which Pf = 0. The second of inequalities (18) gives
some interesting information about laser-target(s) interaction.

For an interaction with a passive target the obvious requirement that Pf >0
leads to an additional inequality

ar = (L~"&)MexP[—( I+ M) e A exP(—20). (19)

Fig. 4. Same as in Fig. 2, but only for g0 = 15

Formally, for yr> exp(—2g0) the reflectivity R~ of the source-laser becomes less
than zero. Interpreting in a heuristic manner the formulae obtained from distributive
solution (16) it can be suggested that if yr exceeds its critical value yO= exp(—2g0)
the source-laser ceases to produce output power, because the intensity of radiation
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Fig. 5. Efficiency of a cw gasdynamic source-laser interacting with the passive target for g0 = 0.5

field takes-off the population inversion via absorption on its way between the
source-laser cavity mirrors.

It is worth mentioning that for an active target, when the value of kr is not
limited, inequality (18) changes its form. One has [7]

2r lexp(—290) < R~ < A*1 (20

When R~ reaches the critical value equal to k-, the intensity of the output radiation
field goes theoretically ad infinitum. In practice, heuristic again explanation of this
effect indicates that source-laser becomes destroyed because its mirrors cannot
withstand the sudden increase of their thermal load. From the physical point of view
the requirement that R =krR~ < 1is obvious as it could be greater only if the
active target will be able to supply to the source-laser cavity the infinitum amount of
energy.

Inequalities (18)-{20) do, however, contain also nontrivial information which
gives some introductory insight into the physical problem of the laser-target(s)
interaction. The obtained solutions permit us to define the source-laser gquality range
and its output power as a function of the target parameters and atmospheric
conditions. In particular, the recovered relations allow us to calculate the critical
values of yoa (for passive target) and Xor (for active target) which knowledge is
essential from the applicative viewpoint. It is worth mentioning that the results
obtained remain in agreement with experimental information given in [1] and [2].
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The examples of the cw gasdynamic source-laser efficiency are given in Figs. 2-4
(for active target) and Figs. 5-7 (for passive target). The efficiency was calculated for
typically encountered in C 02 cw gasdynamic laser values of boundary gain, i.e., for
g0= 05, 1.0, and 15. The results reported in Figs. 2-7 are self-evident and do not
need any special comments.

The presented theoretical considerations have some shortcomings resulting from
the corpuscular light model and rate equation description of the laser-target
interaction. It is known from experimental investigations that this interaction
depends on such subtle physical effects as the coupling between various modes
within the laser resonator, the fluctuation of the radiation intensity, and the changes
of the output beam divergence. All these effects cannot be treated basing on the
model accepted in this paper which has all characteristics of a “black-box” allowing
to calculate the laser power characteristics without considering the sophisticated
effects and the way in which they influence those characteristic ultimate values.

3. Summary

The aim of the paper consisted in relating cw gasdynamic laser output power (optical
efficiency) to the number of parameters describing its cavity and medium state in
a case in which this laser operates in hybride conditions of the generator and
amplifier due to its interaction with passive or active target. This aim has been
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reached by giving the formulae (17H20) containing also the parameters defining the
target parameters and atmospheric conditions. For practical applications, the most
important was the recovery of the yJand Acr critical values which set the limits to the
possibility of the source-laser interaction with the passive and active target. To avoid
the detrimental for source-laser effects which occur when ycr is overpassed (passive
target) or Acor reached (active target) the cw gasdynamic laser ought to operate in
a continuous Q-switcbing regime.

Acknowledgements - The author feels deeply grateful to dr Z. Trzg¢sowski, from the Institute of Quantum
Electronics of the Technical Military Academy in Warsaw, whose critical remarks and valuable
suggestions helped in giving proper physical interpretation to some results reported in this paper.

Verified by Marzena tuczkiewicz

References

[1] Panderese F. (CISE, Milan, Italy), private communication, 1991.

[2] Gay P. (HAT Research Center, Turin, Italy), private communication, 1991.

[3] Rigord W. W,, J. Appl. Phys. 36 (1965), 24 7.

[4] Marlow W. C., Lockheed Palo Alto Research Laboratory Report, Palo Alto, USA, 1971
(unpublished).

[5] Brunné M. P., Milewski J., Stanco J, Zielinski A, J. Appl. Phys. 7 (1976), 13 5.



Interaction between cw gasdynamic source-laser... 165

[6] Zuyev A., Propagation of Visible and Infrared Radiation in the Atmosphere, (in Russian), Nauka,
Moscow 1976.
[7] BrunnE M. R, 7th Symp. on Gas-Flow and Chemical Lasers, SPIE 1031 (1988), 184.

Received March 20, 1991

Boli3geHcTBME ra3ofMHaMMYecKoro sasepa MOCTOSAHHOIro [ecTBuUS
C MacCMBHOM M aKTMBHOW LeNsamu

B HacTosAWel paboTe paccCMOTPEHO W3MEeHeHWe 3HEPreTUYECKUX XapaKTepUCTUK rasofMHaMMyeckoro
nasepa NOCTOSIHHOTO [eCTBUA, BbI3BaHHOE BO3Je/iCTBMEM C MACCMBHOW M aKTUBHOW Lensamu. PacueTbl
NpoBefeHbl B NOAX0Ae YPaBHEHWI HeNpPepbIBHOCTW, NPUHMMAas KOPNYCKY/IAPHYIO MOAesb CBETa U MPUHHU-
Masi, YTO BbIHY)XEHHas KOHBEKLMA COCTaB/SAeT OCHOBHOM UCTOYHMK YCUNEHUS, [OCTaBNeHHOI0 K pe3oHa-
TOpy rasogvHamu4yeckoro nasepa. OnpegeneH ONTUYeCKWiA KO3DAULMEHT MOME3HOro feiicTBa peso-
HaHCHOro Kosofua fasepa-UcToYHUKa. [laHbl KPUTMYECKME 3HAYeHWs MnapaMeTpoB, 3aBUCKMMbIX OT
CBOICTB ra3ognHamMmMyecKoro nasepa, CofeNCcTBYIOLLMX C HAM Lieneid, a Takxke CBOWCTBa aTMocdepbl, Ans
KOTOpbIX HacTynaeT 3amumpaHue reHepauum (naccvBHas Lefb) WAM paspyLleHue fasepa-ucToYHUKa
(akTMBHaA Uenb).

Mepesen CTaHucnas MaHUa>K



