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The use of hydrogen halide molecules in a mixture with diatomic homonuclear molecules 
(Hi, Di, N 2) to achieve lasing in gasdynamic lasers (GDLs) has been discussed for a rather 
long time in the literature [1-3]. A N~-DCI mixture is one of the possible working media 
which, according to the data of [3], have high specific energy characteristics. Using the 
harmonic oscillator model to calculate the energy characteristics of a GDL based on this mix- 
ture [4], we demonstrated the feasibility of obtaining coherent radiation with % ~- 5.3 ~m and 
a specific energy 5 to i0 times the corresponding values for CO gasdynamic lasers, which have 
a similar lasing wavelength and are being studied extensively. An even higher energy conver- 
sion efficiency can be obtained in lasers with DCI mixed into a supersonic flow of preheated 
molecular gas. Calculations [3, 4], however, do not provide detailed information about the 
inverse and energy characteristics of such systems, since the actual distribution of DC1 
molecules among the vibrational levels during expansion in supersonic nozzles differs sub- 
stantially from the Boltzmann distribution and lasing occurs in several rotation-vibration 
transitions (multiple-frequency lasing) [5]. 

Our aim here is to make a detailed analysis of the energy and spectral characteristics 
of a GDL in which DCI molecules are excited in a W' exchange with N 2 molecules when mixed 
in a supersonic flow. 

In describing the kinetics of vibrational energy exchange and radiative transitions we 
model the vibrations of N 2 and DCI molecules with a Morse oscillator and assume that the 
rotational degrees of freedom are in equilibrium with the translational degrees of freedom. 
The equations for the relative populations of excited states with V = n in DCI and N 2 in this 
case have the form 

dX n (i~ }~ 72 t l  7t 7l 

dt - O ~ ( i ) ,  Q v ( i ) = q v r ( i ) @ q v v ( i ) + q v v , ( ~ ) - t - q i ( i ) 6 i ~  (i) 

Here Xn(i) = Nn,i/Ni; Nni (i = 1 for DCI, i = 2 for Ni) is thedensityofmolecules of the i-thspe- 
n n n n 

cies, excited to the vibrational state with V = n; qVT, qVV, qVV', and qI are terms that char- 
acterize the change in the number of molecules in the V = n state as a result of the vibra- 
tion~ranslation VT, intramode W and intermode VV' rotation-rotation exchange, and induced 
transitions, respectively; and 6i, I is the Kronecker symbol. 

The parameters of the flow in the nozzle and inside the cavity are calculated 
in the approximation of one-dimensional flow of a nonviscous non-heat-conducting gas, and the 
molecular mixing is assumed to be instantaneous, i.e., we assume that the mixing zone is the 
surface of discontinuity of the macroscopic parameters while the values of X n do not change 
in the passage through this surface. The gas parameters before (subscript i) and after (sub- 
script 2) the discontinuity surface in this case are related by conservation laws, which are 
conveniently represented as 

g ~ ,oLU~ + G'  = piUi: ( 2 )  

/ - -  p~c;~ + p~ + G ' U ' / F  = ~ + p,,U~; ( 3 )  

h ~ ( C v T I @ U i l / 2 )  O U F  ' ( C ; T ' + U ' ~ / 2 ) G "  ( C P T i + U ~ / 2 ) p i U i F "  (4) 
p I U I - ~  G, "~ -~ , PlU~F -l- G" piUiF -+- G' 

eiv~O~Ui , ~' , =- evG / F  : ev2 (PiU2 @- G' /F) ,  C~ = 7R/ i tx '  ( 5 )  

where G' is the flow rate of the gas mixed in; F is the cross-sectional area of the channel at the 
mixing site; p, p, T, and U are the gas pressure, density, temperature, and velocity of the gas; 
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i i 
e v is the vibrational energy of a unit mass of the i-th component of the mixture (ev = Ni~ • 

EnXn/pl!; and En is the vibrational energy of the molecule in the state V = n; the prime pertains 

to the gas mixed in. From (2)-(5) we easily obtain 
l 

U~ ---- • ! I/• _ 2 (• -- t~ git~ z 
,o~ = ~ ,  T~ = (h  - -  V~ /2 ) /Cv ,  ~, = ~, 4. 

( •  g ' 5. 2 

The plus sign in the expression for U 2 corresponds to the gas flow up to a mixing surface 
with M I > 1 and the minus sign, up to a mixing surface with M l < 1 (M is the Mach number). 
The ordinary system of equations of relaxational gas dynamics in the Euler approximation 
before and after the discontinuity surface [6, 7]: 

dO t dU i ,~F = O; ( 6 )  
O dz +-O--dT'~ ? dx 

r, dU dp __ 

pu ~ + 77- - o; ( 7 )  

2 i 
dT ~_ u d U  ~ d e v .  

C p ~  , dx = q E - -  ~ ax ' (8 )  
i = l  

u dX n (i) ( 9 )  
- d ~  = P~ (0. 

n 
H e r e  qE i s  t h e  e n e r g y  s o u r c e  due  t o  t h e  r a d i a t i o n  f i e l d  ( q E ,  q I  ~ 0 o n l y  i n  t h e  o p t i c a l  

c a v i t y ) .  

The l a s i n g  s p e c t r u m  a n d  t h e  s p e c i f i c  e n e r g y  o f  t h e  r a d i a t i o n  w e r e  c a l c u l a t e d  u s i n g  t h e  
i n t e g r a l  c o n d i t i o n  t h a t  t h e  r a d i a t i o n  g a i n  and  l o s s  be  e q u a l  i n  a s i n g l e  p a s s  b e t w e e n  m i r r o r s  
f o r  e a c h  l a s i n g  t r a n s i t i o n  [ 8 ] ,  

/ v + m , i v - l \  \ g v , J v  / - -  g~ = O, V 1 ~ V ~ V v gt = ~ In (B,B~) -1, 

~+D~ ( 1 O) 
/ V+mJV--I\  1 ~ V+m'iV - I -  
\ g v J v  / =  ~ ~, g v j  v ax, 

V+m,Jv--I 
where ~ v s v  is the gain at the middle of the transition line (V + m, JV - 1 + V, JV) (we 

considered transitions with m = i, 2); R I and R 2 are the reflection coefficients of the cav- 
ity mirrors; L c is the distance between the mirrors; and D c is the cavity length along the 
flow. 

For x r  

v+mJV-llV+m,Jv-1 
gv,Jv v , iv  

q~" (~ = t )  = h'?'+"'~'-~Nv- 
,2 V 1 

VSv-1 Iv ,Jr-1  
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h v v ~ ' J V - ! N z  

v 2 V+mJv--I .v+m,jV--1 
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qE = 
pU 

V=V, t 

V + m , i V - -1  
Here Vv,j v is the frequency and Tv+'~#v-1 is the radiant intensity of the lasing transition 

~l,',jV 

( a l l  t o l d  ~ = V 2 - V z ) .  E q u a t i o n s  ( 6 ) - ( 9 )  f o r  x < x c and  ( 6 ) - ( 1 0 )  f o r  x ~ x c w e r e  i n t e g r a t e d  
V+mdV--1 

numerically as in [8]. The molecular constants necessary for calculating gv.Jv were de- 

termined in the same way as in [5] (the values of the collisional widths for transitions 
with m & 2 were assumed to be equal to the corresponding values for transitions with m = I). 
The relations for calculating the rate constants of the VT, W, and W' processes in a N 2-DCI 
mixture were given in [5]. The Einstein coefficients for transitions with m = i and 2 were 

taken from [9]. 

The specific energy of lasing in the transition (V+m, ]v--1-~V,]v), VI~V~Vf, is cal- 
culated from 
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V = V  i x c 

where p, and U, are the density and velocity in the critical cross section of the nozzle; and 
h, is the height of the critical cross section. 

The calculations were carried out for flat nozzles, whose subsonic part is formed by a 
channel of constant cross section, going over into a wedgelike converging part with a half- 
angle of 45 ~ and length 4h, (h, = 0.2 mm), and the contour of the supersonic part is described 
by the exponential function 

F ( z ) =  i + ( F ~ -  t ) [ t -  exp ( - 2 x / ( F ~ -  i ) ) ]  

(F k is the relative height of the channel in the nozzle exit x = x/he). The mixing DCI mole- 
cules (T = 300 K) into the flow of preheated N 2 was simulated by introducing a mixing surface 
into the supersonic part of the nozzle at a distance of 5h, from the critical cross section. 

Figure 1 illustrates how distribution function of N 2 and DCI molecules (dashed and solid 
lines) over the vibrational levels varies with the distance x from the critical cross section 
of a nozzle with F k = 500 after 4% DCI is mixed into N z with the initial parameters T o = 2500K 
and P0 = i0 MPa. Lines 1-4 correspond to x = 5h,, 15h,, ll00h,, and 1500h, (the last cross 
section coincides with the nozzle exit section). For comparison dash-dot and dashed lines 
show the distributions XV for DCI and N 2 in the cross section x = 1500h, in an ordinary gas- 
dynamic laser with the same parameters but for u = 0.07 (gV+~,JV -I have maximum values for 

v~- JV 
this YI). With increasing distance from the mixing site the distribution function of the DCI 
molecules among the vibrational levels differs increasingly from the Boltzmann distribution 
(for x = 5) and for x = 1500 takes on a characteristic shape with a plateau in the region 
4~ V~ 12:. Such a distribution of DCI molecules forms because of energy transfer during non- 
resonant VV' exchange with excitation of N 2 molecules. The distribution of N 2 molecules 
among the vibrational levels also changes. The distribution N2(V) differs most from the 
Boltzmann distribution in the region 3 ~ V~ 14 and has a characteristic sag. In an ordinary 
N 2-DCI gasdynamic laser the formation of a "plateau" in the distribution X V is due mainly to 
intramode W exchange and VT relaxaticn [5]. In a GDL with mixing the population of the DCI 
levels in the regioD of the plateau is higher than in an ordinary GDL. The population of the 
N 2 levels is also higher in this case. The explanation for this is that without DCI molecules 
in the subsonic and transonic parts of the nozzle the relaxation of the energy of N 2 molecules 
is much slower and a large part of the energy remains in the vibrations of N~ and DCI mole- 
cules to the nozzle exit. The considerable population of the vibrational levels of DCI in 
the region of the plateau causes inversion not only in the (V + i, JV) + (V, JV - i) transi- 
tions but also in the (V + 2, JV) + (V, JV - I) harmonics. This is illustrated by Fig. 2, 
which shows the gain obtained in the fundamental transitions (a) and in harmonics (b) in the 
nozzle exit for the above parameters. Here and below the notation for the gain and lasing 
lines is given according to the values of V and JV of the lower state. The values of 
v+2,Jv--1 V+lJv--1 

gv,j v are roughly one-tenth those of gVJv , but are sufficient for lasing at values 

of gt (gt ~ 0.01 m -1) typical of cavities used at present. In an ordinary GDL with the 
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V+LJV--~ 
same parameters g v j v  is almost 1.5 times higher. This is because mixing DCI into the 

supersonic N 2 flow raises the gas temperature, which is higher in the nozzle exit than during 
expansion of the N2-DCI mixture. Even though the population of the DCI vibrational levels 
is higher than in a GDL based on mixing, the inversion in the given vibrational-rotational 
transition is smaller because of the high population of the rotational half-level of the 
lower state of the amplifying transition. 

Let us now consider how the amount of DCI mixed into the N 2 flow (T O = 2500 K, P0 = i0 
MPa) affects the lasing spectrum and the specific radiant energy. Figure 3 shows the spectra 

.~V+1,iV-1 
of lasing at the fundamental frequencies ~v.j v (k) (a) and at harmonics- v.gvNV+~Jv-1 (h) (b), which 

occurs when 2, 4, and 6% DCI (dashed, solid, and dash-dot lines) is mixed into N2 in a nozzle 

with e = 500 for D c = 2500h, and gt = 0.01 m -I. In all cases the cavity began at the nozzle 
~ , r I Z - ~ - m , / V - - 1  

exit. The maximum values of ~,V,Jv (m = i, 2)are reached under these conditions when 4% 
. t z - t -  1 ,  j t r - -  1 

DCI is mixed in. An interesting feature here is the fact that the maximum values of IVV.~v 

are obtained in transitions with small V (2 § i, 3 § 2, 1 § 0); in lasing at the harmonics 

~v+-~,Jv-* correspond to V = 5 6, 7, while the values of JV, (X = 2.5-2.8 ~m) the maxima of ~'VJv 

conversely, are lower. As in an ordinary gasdynamic laser, the lasing spectrum shifts to 
higher wavelengths if the DC1 content in the mixture increases. The value of N e is ~42.2 
J/g in iasing at the fundamental frequencies and ~6.7 J/g in lasing at harmonics. 

One of the main advantages of lasers with mixing of N 2 and DCI in comparison with ordi- 
nary GDLs is that the temperature in the heating chamber can be raised to T O > 2500 K, since 
in the given case DCI does not dissociate (this limits the value of T o in an ordinary GDL). 
The fraction of energy stored in N= vibrations increases and as a result N e should increase. 
On the other hand, other parameters being equal, the gas temperature beyond the nozzle exit 
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also rises and so N e should decrease. One more factor causing N e to change at a fixed 
cavity length along the flow is the decrease in the exchange length between N 2 and DCI be- 
cause the density of molecules decreases. The dependence of N e on To, therefore, is rather 
complicated in nature, which varies as a function of P0, TI, and F k. Figure 4 shows the 
Ne(F k) curve~ for lasing in transitions with m = 1 in a cavity with gt = 0.01 m -i and D c = 
5000h, for T o = 2000, 2500, and 3000 K (solid, dashed, and dash-dot curves), P0 = i0 MPa, 
and u = 0.02 and 0.04 (lines i, 2). A rise in T o for F k < 200 when u = 0.02 causes N e to 
increase. Since an increase in T o from 2500 to 3000 K for Fk = i00 causes Ne to increase 
by 27%. At the same time at Yl = 0.04 an increase in T o from 2500 to 3000 K does not cause 

Ne to grow for any Fk. Moreover, for Fk > 350 an increase in T o when u = 0.02 can even 
result in a lower Ne. 

The radiant energy of a GDL with mixing of N 2 and DCI depends not only on the initial 
gas parameters and the amount of DCI mixed in but also on the geometric characteristics, 
such as the nozzle expansion ratio and the cavity length along the flow. Figure 5 shows the 

! ! 
curves of Ne(Dc), D c = Dc/h,, obtained when calculating lasing in the fundamental transitions 
(a) and in harmonics (b) for u = 0.02 and 0.04 (lines i, 2), T o = 2500 K, P0 = i0 MPa, gt = 
0.01 m -I for various F k (for transitions with m = 1 the solid and dashed curves correspond to 

F k = i00 and 300 and those with m = 2 correspond to F k = 300 and 500, while for F k = I00 
lasing does not occur in these transitions). The dash-dot lines here show Ne(D ~) for an 
ordinary GDL with the same values of To, P0, St, but with u = 0.07 (this composition cor- 
responds to maximum values of N e for F k = 300). We see that an increase in D~ up to the 
optimum value D~P t results in the growth of N e (for F k = 300 for m = 1 and F k = 500 for 
m = 2 the optimum value D~P t is reached for D c > 104). The value of D~P t increases as F k 
grows and more DCI is mixed in. 

The explanatio n for the existence of an optimum D c is that for efficient extraction of 
energy from the N~ vibrations the cavity length should be greater than the length of the W' 
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exchange between N 2 and DCI molecules but smaller than the VT relaxation length. We also 
see that even for moderate D c = 5000h, (i m) the value of N e in a mixing laser lasing in the 
fundamental transitions is 25% higher than in an ordinary GDL and may reach 62 J/g for F k = 
300. With increasing D c this difference becomes even larger. At the same time for small 
D c = 500h, the value of N e is the same in both types of laser. This is because for a small 
D c only a small fraction of the energy stored in the N 2 vibrations is converted into the 
energy of coherent radiation. In a mixing GDL operating on transitions with m = 2 a value 
N~ 10i J/g can be obtained even for Dc~2000h,. 

In summary, our analysis shows that a gasdynamic laser with mixing of N 2 and DCI can be 
a very efficient device for obtaining radiation with ~ = 5-7 pm (fundamental-frequency tran- 
sitions) and with X = 2.5-2.8 pm (harmonics). The specific radiant energy may reach 70 and 
20 J/g, respectively, in systems of moderate size. 
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NUMERICAL ANALYSIS OF A PLASMA JET IN A MAGNETIC FIELD 

V. I. Ermilin, V. K. Kolesnikov, 
and V. G. Petrov 

L~C 533.95 

The behavior of supersonic plasma jets in an external magnetic field is of interest for 
problems involving the use of plasma accelerators of various types in space technology. The 
interplay of the jet and the magnetic field must be known if such problems are to be solved. 
The complexity of the pertinent experiments stimulates the use of computer simulation to ob- 
tain fuller theoretical concepts about the nature of the behavior of plasma jets. Compara- 
tively few theoretical studies on plasma formations in a magnetic field have dealt directly 
with supersonic plasma jets. We note that in [i] Savel'ev used the one-temperature MHD ap- 
proximation for a numerical analysis of a plane plasma jet bounded in the transverse direc- 

tion. 

In the work reported here, within the framework of the two-temperature MHD model we 
have considered the behavior of a highly underexpanded (nearly a vacuum type) supersonic 
plasma jet with a superimposed magnetic field, taking the induced magnetic field into account. 
We have studied the effect of the magnetic field on the geometry of the jet boundary, the 
nature of the flow, the distribution of parameters in the jet, and the perturbation of the 
external magnetic field by the electric currents of the jet. 
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