
NOTATION 

D, thermal diffusivity of active element; c, ~4, d, average specific heat, thermal conductivity, and 
density; cl, ~4 t, d i, h i and c 2, ~42, d2, h 2, specific heat, thermal conductivity, density, and thickness of semi- 
conductor layer and substrate respectively; r0, radius of central disk portion; To, temperature of surround- 
ing medium; R, disk radius; e, disk emissivity; r Stefan-Boltzmann constant; W, radiant power incident 
per unit area; tset, sensor time constant; xl, first root of zeroth-order Bessel function; C, disk heat capa- 
city; Gra d and Gther m, heat liberation coefficients related to radiation and thermal conductivity; J0 and Ji, 
zeroth- and first-order Besse[ functions; Xn, roots of zeroth-order Bessel function; S, voltage-power sen- 
sitivity of thermoelectric sensor; AT, temperature differential between "hot" and "cold" thermoelectric 
sensor junctions; m, number of thermoelements in sensor; ap,n, thermo-emf coefficient of individual ele- 
ment; F, area of sensitive region; T, temperature of surrounding medium; R, disk radius; ~, disk emissi- 
vity; EN_ E, UN_ E, electric field strength and output emf produced by Nernst-Ettingshausen effect; Q• 
transverse Nernst-Ettingshausen effect coefficier~t; l, h, length and height of thermomagnetic sensor work- 
ing element; XTT, temperature gradient; ~i, first root of some dispersion equation. 
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GRAIN IN A CO2-GDL MEDIUM WITH WEDGE AND 

PROFILED NOZZLES, PART I. 

APPARATUS AND PULSE GAIN MEASUREMENT SYSTEM 
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S. M. Chernyshev, and V. F. Sharkov 

UDC 621.375.826 

The apparatus is described together with the gain-measurement scheme. Weak shock waves 
are identified in the flow picture and probe locations are defined that are free from local in- 

homogeneity. 

The weak-signal gain k 0 is one of the most important laser parameters [i]. Determination of the maxi- 
mum gain constitutes a multifactor optimization on the stagnation parameters, the molar composition of the 
working mixture, and the geometrical dimensions and profile of the supersonic GDL nozzle. The nozzle pro- 
duces the supersonic flow in the cavity, and its design features are sources of various gasdynamic inhomo- 
geneities: shock waves, hot boundary layers, and wakes behind the edges. All these factors influence the 
state of inversion in the active medium and may increase or decrease the gain in accordance with the various 

line-broadening mechanisms [2]. 

There are many papers (see [i, 3] for reviews) on the theoretical and experimental multifaetor optimi- 
zation of the gain, and recently there have been papers [4-6] concerned with calculation and measurement for 
k 0 in a flow of a markedly inhomogeneous gas cor~taining solid particles and shock waves. 

There are several methods of measuring k 0 [7]. The maximum-loss method is based on measuring the 
absorption of calibrated attenuators introduced into the cavity that cut~off the lasing, and the magnitude of the 
loss is identified with the gain. This method requires high accuracy in measuring the introduced loss and 
does not make allowance for the line width, which substantially reduces the accuracy in determining k 0. The 
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Fig.  1. Pu l s e -modu la t ed  g a i n - m e a s u r e m e n t  sys tem.  

Fig.  2. Typical  f o r m  of o s c i l l o g r a m  in measur ing  k0: nozzle  la t t ice ,  mix tu re  10% CO2+ 
45% N 2 +45% He; T o = 1700~ P0 - 1.4 MPa,  I t r a n s d u c e r  signal in re la t ive  t e r m s ,  T 
gas  flow t i m e ,  sec; 1) channel No. 1; 2) No. 2; 3) No. 3; 4) r e f e r ence  chamlel; 5) s ta r t  
of gas  flow and p l a smo t ron  switched on; 6) p l a smot ron  switched off. 

spec t roscop ic  cavity method is  based  on record ing  the resonant  and nonresonaa t  in tens i t ies  when the medium is 
p laced  in a F a b r y - P e r o t  i n t e r f e r o m e t e r ,  where  all f o r m s  of loss  a re  incorpora ted  by a single p a r a m e t e r ,  and 
the d i f ference  between the actual  ref lec t ion  coefficient of  the m i r r o r s  and the loss  ac ts  as  an e r r o r  source .  

In expe r imen t s  with l a s e r  s y s t e m s ,  the ampl i f i e r  method is  commonly  used, which is  based  on probing 
the med ium with a b e a m  of monochromat i c  radiat ion f r o m  a quantum t rans i t ion  identical  with tlmt in the act ive 
medium.  According to the B o u g u e r - L a m b e r t  Law [8], when monochromat ic  radia t ion p a s s e s  through an infini- 
t e ly  thin l a y e r  of gas  the change in in tensi ty  is  propor t ional  to the th ickness  of that  l aye r ,  the concentrat ion,  
and the opt ical  density.  The coefficient of propor t ional i ty  in the express ion  k 0 is  called the in tegral  absorpt ion  
o r  gain coefficient  in accordance  with the r e su l t  of in teract ion between the radia t ion and the medium:  

I (~) = I o (~) exp (koL). (1) 

The ampl i f i e r  method g ives  a value of k 0 ave raged  o v e r  the probe  length. In pa r t i cu l a r  expe r imen t s  one usu-  
a l ly  employs  some modif icat ion of this  method.  We have m e a s u r e d  the gain in a CO2-GDL medium by means  
of a p u l s e - t r a i n  s y s t e m  with a scanning unit of pass ive  type [8], which enables  one to p e r f o r m  repea ted  m e a -  
su remen t s  in a single run  at s eve ra l  points  in the channel s imul taneous ly  along or  t r a n s v e r s e  to the su p e r -  
sonic flow (Fig. 1). 

The radia t ion f r o m  the p robe  CO 2 l a s e r  1 is  d i rec ted  by the rotat ing m i r r o r  2 onto the rotat ing ref lect ing 
m i r r o r s  3 and p a s s e s  through the volume 4 to be col lected by the spher ica l  m i r r o r  5, whose focal point con- 
ta ins  the IR de tec to r  6. The e l ec t r i ca l  signal f r o m  the IR de tec te r  6 is  pa s sed  to the ampl i f i e r  7 and is r e -  
corded by the loop osc i l lograph  8, and it  is  a lso displayed on the s c r een  of the s torage  osc i l loscope  9. The 
lasing line fo r  the p robe  CO 2 l a s e r  is  d isplayed by the spec t rum ana lyze r  10, while the n e c e s s a r y  i n t e r r o g a -  
t ion f requency  in the m e a s u r e m e n t  channels  is  obtained by adjusting the rotat ional  speed of m i r r o r  2. One of 
the m e a s u r e m e n t  l ines  is  used as  a r e f e r e n c e  one to moni tor  the p r o b e - l a s e r  intensity.  

An Ar iman  2 g a s - d i s c h a r g e  CO 2 l a s e r  with a feedback stabi l izat ion s y s t e m  was used, which p rov ides  
s ing le -mode  opera t ion  and tuning and has  a beam power  of about 1-3 W, b e a m  d i ame te r  about 2 m m .  The 
feedback  s tabi l izat ion s y s t e m  works  on the P20 line of the 00 ~ 1-10~ v i b r a t i o n a l - r o t a t i o n a l  band of the CO 2 
molecule .  The t e s t  l a s e r  power  is  mainta ined at a level  l e s s  than the sa tura t ion power  of the de tec tor  and 
also l e s s  than the sa tura t ion  power  in the act ive  medium,  in which case  the signal f r o m  the de tec tor  exceeds  
by an o r d e r  of magnitude the s ignals  f r o m  the noise and the t h e r m a l  background,  which a r e  usually p re sen t  
around an appara tus  of GDL type. 

To de te rmine  the working v i b r a t i o n a l - r o t a t i o n a l  t rans i t ion  in the probe  CO 2 l a s e r ,  a spec t rum ana lyze r  
type 16 A made  by Optical  Engineer ing was used,  which is  a spec t roscope  with a diffract ion grat ing.  In the 
wavelength range  9.1-11.3/~m, the ana lyze r  can identify up to 140 t rans i t ions  in th ree  different  l a s e r  bands of 
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Fig. 3.. Gas-flow pictures in cavity 

unit (gas flow from left to right). 
The center of the TSpler picture 

is in the middle of the cavity: a) 
wedge nozzle; b) profiled nozzle. 

the CO 2 molecule (00~176 00~176 and 011 l-lli0) with an accuracy of 0.003 t~m (0.3 cm-1). The re- 
corded lines are displayed on the phosphor screen with a decay time not exceeding 0.25 see. 

Adjustment of the mirror speed provided measurement of k 0 on each channel with an interrogation fre- 
quency of about 5 Hz, while two adjacer~t channels were interrogated with a frequency of 125 Hz; therefore, 
the LR detector 'worked with frequency modulation close to the maker's value, and far from the frequencies 
of the possible interference, which in our case could have come from the plasmotron. A Ge-Au photoresis- 
tot cooled by liquid nitrogen (Svod) was used as 'the detector [9]. The linear range has previously been de- 
termined and the working point of the IF, detector had been selected by means of calibrated ZnSe, NaCI, and 
Ge plates, which in various combin~itions provided stepped attenuation of the test laser beam by a factor i0. 
In accordance with the recommendations of [I0], the receiving area in the photoresistor was placed behind 
the focus of the spherical mirror in order to provide uniform illumination and to prevent local damage. The 
circuit was assembled in accordance with [9, i0]. The signal level was usually too low to operate the final 
recorder directly, so a single-channel pulse amplifier was included, whose linear range was identified before 
the start of the experiment. The output signal was recorded by a loop oscillograph type K-If5. 

The radiation input and output windows perpenducular to the flow of active medium were closed by NaCl 
plates of thickness about 4 mm and were placed directly at the wall of the cavity unit, which reduced the effects 
of spaces with absorption when experiment indicated that there was considerable absorption for the probe 
radiation, which reduced the measured value of the gain appreciably. 

The gain k 0 was calculated from (I), where L is the characteristic dimension of the active medium (L = 
0.378 m), 10(~) and I(v) are the signals before the working medium began to flow and when it was flowing. For- 
mula (i) does not include a factor for the intensity change in the reference signal, because the test lase pro- 
vided high power stability and worked on the selected vibrational-rotational transition throughout the experi- 

ment. Figure 2 shows typical oscillograms in the measurement of k 0 along the length of the flow in one of the 
experiments. 

All 'the gain measurements were made with the CO2-GDL apparatus of [II], which was an aerodynamic 
'tube with quasicontinuous operation (7 -< 3 see) in which the working gas mixture was heated in a three-phase 
plasma source. 

The flow part of 'the GDL system could be assembled with three different forms of nozzle, in the first, 
a nozzle of wedge geometry had a critical section of 0.95 mm and a degree of expansion of 31.6. The super- 
sonic part of the nozzle had a semivertex angle of 13 ~ and a width transverse to the flow of 378 ram, while the 
subsonic part was formed by planar converging walls with a semivertex angle of 45 ~ 

The second form of nozzle was a profiled one with a central body in the flow, and it had a two-slot geo- 
metry with a critical section of 2 • 0.5 mm and a degree of expansion of 25.8. The subsonic part consisted of 
planar converging wails with a semivertex angle of 30 ~ while the supersonic part was made with a Idnk in the 
contour in the throat. The calculation on the supersonic part was performed by the characteristics method, 
and the maximum semivertex angle was 39 ~ Nozzles of this type are often used in GDL to provide the most 
effective freezing of the vibrational level of nitrogen N2(v = i) and the upper 00~ level of the CO 2 molecule [I]. 

The third form was a nozzle lattice as usually employed in a GDL with large gas flow rates [I, 3]. The 
lattice used in the experiments consisted of 40 planar profile blades in which the degree of expansion in a 
single nozzle with a critical section of 0.3 mm was 29.6, semivertex angle 37 ~ length of the supersonic part 
of a blade along the flow 21.7 mm [12]. 
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The wedge and prof i led nozzles  were f i rs t  blownwith air  (T O ~ 300~ to visualize the flow picture and 
determine the static p r e s s u r e s  in the supersonic flow. The p r e s s u r e  t r ansduce r s  were placed on the central  
axis of the channel at distances of 50 and 150 mm f rom the end of the nozzle apparatus.  

Ttfpler pa t te rns  for the gas flow beyond the nozzles  showed that there  was a complex s t ructure  of in te r -  
secting oblique shock waves (Fig. 3), which arose  because of the non.ideal junetion between the nozzle and the 
cavity of constant c ro s s  section. In the prof i led-nozzle  case (Fig. 3b) the shock-wave s t ruc ture  was accom-  
panied by a boundary layer  flowing f rom the central  body and the pat tern  was substantially more  complicated. 
The shock waves could be t r aced  throughout the cavity up to dis tances of about 200 mm. Figure  3a shows that 
weak compress ion  waves a r i se  within the wedge nozzle,  which was due to inaccuracy  in making the supersonic 
par t  and also to differences in the adiabatic p a r a m e t e r s  of the a i r  and the l a se r  mixture for which the nozzle 
was designed. It was charac te r i s t i c  that the compress ion  waves ar is ing within the nozzle were extensively 
disrupted and completely vanished over  a length of about 90 mm. Although the shock waves recorded  in our  
case may be classif ied as weak, they can affect the gasdynamic and populat ion-inversion charac te r i s t i c s  of 
the supersonic  flow in the GDL. 

The TSpler pat terns  beyond the nozzles  led to selection of the following points in the GDL channel for  
probing with the tes t  l a se r  beam, which were free f rom shock waves: at a distance of 10 m m  f rom the end of 
the nozzle in an unperturbed zone of the flow, and ~t dis tances of 100 and 144 m m  in a zone beyond the f i rs t  
in terseet ion of the oblique shock waves. When the GDL sys tem was assembled  with the nozzle latt ice,  the 
points of measuremen t  lay on the axis of the channel at dis tances of 35, 79, and 122 mm f rom the end of the 
lattice. 

To measure  the profile of k 0 over  the height of the channel (for the case of the wedge nozzle) we selected 
a section at 35 m m  f rom the end of 'the nozzle,  and 'the middle point of measurement  lay on the axis y = 0 
(where y is the coordinate along the height of the channel), while the top one lay at y = 5 mm f rom the axis 
and the lower one at y = 10 m m  f rom it (the position of the shock wave was determined in this section as y = 
8 ram), which enabled us to measure  the distribution of the gain over  the height and to es t imate  the effects of 

local  inhomogeneit ies on k 0. 

The resul t s  on the gain in the CO2-GDL active medium for  these nozzles  are  given in the second par t  of 

this  paper .  

NOTATION 

k0, total weak signal gain, m -i; 10(v ), I(v), probe signals before and ~t the moment of gas efflux, V; L, 
characteristic dimension of the active medium, m; ~', gas efflux duration, see; To, stagnation temperature,~ 
P0, stagnation pressure, Pa; y, coordinate along channel height, ram. 
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