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I.    INTRODUCTION 

/ 

The CO laser program is directed towards the investigation of the 
performance characteristics of the pulsed electrical CO laser using an 
electron !. :am-sustained discharge.    The experimental investigation is 
aimed at evaluating the scaling parameters of high power electrical CO 
lasers and their potential systems applications.    The overall program in- 
cludes theoretical modeling to provide support for the design of the ex- 
periment and the interpretation of the data. 

The following areas of investigation were included in the current 
contract: 

1) Parametric investigation of the multiline/multi.node 
performance as a function of gas mixture,   pulse 
length and applied E/N. 

2) Measurement of medium homogeneity using an opti- 
cal interferometer. 

3) Investigation of techniques for the efficient extrac- 
tion of energy on selected trensitions. 

4) Design and construction of a single mode cavity. 

5) Parametric calculations of the pulsed CO lasers for 
multiline and selected-line operation and comparison 
of code with experimental data. 

6) Calculation of CO line shift/linewidth in N2-CO 
mixtures. 

The initial performance measurements and the medium homogeneity 
tests were described in the previous semi-annual report.    These are up- 
dated in the present report to take account of the effect of the cavity mod- 
ifications required to improve the optical qualities of the medium.    Although 
the overall performance has been improved,   the measured total electrical 
efficiency is stiil a factor of 2 to 3 below the predicted value.    This is 
partly due to the teinoerature limitations and fluctuations in the present 
cavity design.    Furthermore,   some room temperature lasing measurements 
suggest a significant effect due to (unidentified) impurities.    Although a 
single mode cavity was designed for the present cavity and probe lasers 
diagnostics built for gain measurements,  these studies were delayed by the 
problems due to the thermal nonuniformities in the cold cavity.    It appears 
necessary to redesign the cavity and flow system in order to reduce the 
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chermal Quctuations and significantly improve the low temperature per- 
formance.    A new transverse flow system has been designed which will 
avoid the buoyancy problems in the present system. 

The parametric performance calculations have been made as a func- 
tion of mixture,   temperature,  pulse length and electron density for a vari- 
ety of cavity output conditions including selected line operation.    These 
calculations should be useful in determining criteria for systems designs. 
The theoretical analyses of line shift/line width in CO-N2 mixtures has led 
to predictions of lineshift by N2 of the order of 0. 005 cm-1 per atmosphere 
of N? with a broadening width an order of magnitude larger.    Such small 
lineshift suggests the possible application of a MOPA system in a high 
power CO laser without the necessity ->f matching the pressure and oper- 
ating conditions in the oscillator and amplifier. 
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II.    MULTILINE MEASUREMENTS 

A.     CAVITY MODIFICATIONS 

The medium quality was previously examined using a large aperture 
Mach-Zehnder interferometer aligned parallel to the optical axis of the 
cavity.    The measurement determines the quantity 

/P»I 

which is the integrated optica 
perature measurements were 
upon the   rathe de  surtac; and 
ment ■. were pt rformed under 
discharge within the cavity, 
the   results obtained were pre 
Semi-Annual Report.    The re 
able disturbances throughout 
over the cathode surface 

1 path parallel to the axis of the ravity.    Tem- 
performed at a number of stations   located 

in the gas supply manifold.    These measure- 
cold gas flow conditions without an electrical 
The diagnostics employed and an analysis of 
vioisly described in AERL November  1973 
suits of the measurements indicated consider- 
the lasing medium and large thermal gradients 

Subsequent to these measurements the following modifications were 
made to both the cavity and to the method of operation, 

1)      Radiatively shielding the cavity by lining the flow 
base with aluminum foil. 

Z)      Reducing convective ard radiative effects from the 
E-beam foil by introducin«; a thin foil between the 
gun foil and the cathode, 

3) The intrcduction of 60    inclined suit-walls from the 
edges of the cathode to the sides of the flow box. 
These walls essentially insulate the medium from 
tl.e sides of the flow base since th  y are foil lined 
and can be precooled. 

4) Introduction of a flow duct above the anode to re- 
duce recirculation through the porous anode. 

These modifications are indicated schematically in Fig,   1,    Opera- 
tional modifications included: 

1) More efficient use of the flowing gas heat exchanger 
enabling gas manifold temperatures of -1850C to be 
achieved. 
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CAVITY   MODIFICATIONS 

D9420 

Fig.   1 Schematic of Modified Cavity.    Items marked with an asterisk 
were added to reduce the gas thermal nonuniformities. 

-4- 

/ 

J 
^\~ ^^ 



^7 . . i^ 9 <<< 

^ 

2) Elapsed flow limes of 2 - 3 minutos were found to 
significantly reduce turbulent gradients and initial 
cathode thermal nonuniformities. The final 
thermal gradients were reduced to approximately 
0. 2 C/crri and the transverse gradients to 0, 3 C/ 
cm, in addition a reduction of the mean cavity gas 
temperature by  15 - 20  C to approximately  -165  C. 

Further significant improvemenrs to the temperature uniformity 
and hence the medium quality are impeded in the present system by the 
low flow velocity which is limited by the ele' trode structures and gas 
handling system. 

The compatibility of these cavity modifications with electrical op- 
eration of the cavity were investigated over a wide range of operating con- 
ditions.    As they were originally employed,   two of these modifications, 
namely the 60    inclined sidewalls and the  radiation shielding,  were found 
to be incompatible with satisfactory operation of the discharge.    Arcing 
down the sidewalls shown ir Fig.   I was probably associated with a warm 
thermal boundary layer and was eliminated by reducing the inclination of 
the sidewalls from 60    to 30    which increased the anode-sidewall spacing. 

The aluminum radiation shielding produced intense corona immed- 
iately the sustainer voltage was applied.    This problem could eventually be 
overcome by ensuring that none of the foil edges were exposed to the dis - 
charge.    This task would  require complete disassembly of the cavity and 
may be performed at a later date.    The present tests were conducted with- 
out radiation shielding on the cavity walls.     The foil introduced between the 
gun foil ar.d the cathode in order to reduce convective and radiative coupling 
between the gun foil and the medium presented a further impedance to the 
electron beam.    Sustainer current measurements were made both with and 
without the foil present.    No appreciable reduction of the sustainer currnnt 
was obeerved.    However the foil thickness employed,   l/2 mil Kapton,   was 
unable to consistently withstand the pressure pulse produced by the dis- 
charge.    A thicker 2 mil foil was tested and successfully withstood the 
pressure pulse but reduced the sustainer current by 40%.    Further efforts 
are in progress to optimize the foil thickness in terms of these two per- 
formance criteria. 

B.  LOW TEMPERATURE PERFORMANCE 

The effect of the cavity modifications upon the output power and 
electrical efficiency of the laser was exannined under cold gas flow and 
multiline/multimode conditions.    Performance measurements were con- 
ducted using prermxed gases under cold gas flow conditions of nominally 
-150  C and 1/6 stmospheric pressure corresponding to a gas density of 
one-third Amagat.    The somewhat higher gas temperature employed com- 
pared with the value of -165  C referred to in the previous semi-?nnual is 
a consequence of abandoning the  radiation shielding or the cavity walls. 
Theoretical calculations indicate the continuous improvement in lasing 
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performance achieved by reducing the gas temperature.    The design of the 
new transverse cavity and flow system described in AERLP 379 offers to 
accomplish substantial   reduction in gas temperature. 

N? and Argon were separately employed as the diluent species in 
the ratio 80% of diluent to 20% CO.    As usual,   the gases were passed 
through an activated alumina filter immersed in dry ice and alcohol before 
entering the mixing tank.    Optimum efficiencies of approximately 20% were 
obtained for both mixtures.    For the N2-CO mixture this represents an 
improvement of 555 compared with measurements per   )rmed prior to the 
cavity modifications.     Maximum output energies in the region of 1600 joules 
were obtained for both mixtures.    The performance characteristics are 
summarized in Table I. 

Optimal sustainer  electric field strengths were 2. 5 kV/cm and 
1.2 kV/cm comparing N2 and Ar respectively as the diluent.    This varia- 
tion is attributed to the difference exhibited by the diluents with respect to 
low energy electron impact processes.    Argon substantially increases the 
electron temperature when employed as the diluent compared with nitrogen. 
This effect is attributed to the absence of low energy inelastic electron 
energy loss mechanisms in the case of Ar.    Nitrogen on the other hand ex- 
hibits very large vibrational excitation cross sections in the region of ap- 
proximately 2 eV.    Argon therefore requires a lower sustainer electric 
field strength in order to achieve a corresponding electron temperature 
compared with nitrogen.    Further,  the low lying energy loss mechanisms 
exhibited by N2 efficiently deplete the high energy tail of the electron 
energy distribution thus raising the sustainer electric field threshold nec- 
essary to initiate arcing. 

C.     ROOM TEMPERATURE OPERATION 

Output energy and electrical efficiency were also measured under 
ambient temperature gas flow conditions.    Under these conditions the N2- 
CO mixture gave better performance than the Ar-CO mixture; namely 
optimum efficiency of 6% and 700 joules output compared with 4% efficiency 
and 20Ö joules respectively.    This difference conceivably indicates that the 
temperature dependence of the N2 - CO V-V transfer rate is such that 
under ambient temperature conditions this process contributes to the lasing 
kinetics.    These performance characteristics are summarized in Table 1. 

Measurements have also been performed under ambient gas temper- 
ature condi'ions with no gas flow as a function of the residence time of the 
gas charg«   in the cavity prior to initiating the discharge.    It has been dem- 
onstrated chat as the residence time increases,   both the output energy and 
the electrical efficiency decrease.    This observation suggests that impurities 
originating from the cavity contaminate the gas mixture.    Sach impurities 
rruxy be important in the deactivation of vibrationally excited CO.    Outgas- 
sing from the cavity walls and components is the most likely source of the 
contamination since leak detector tests have confirmed the vacuum integrity 
of the cavity.    Attention is being given to the outgassing properties of the 
materials to be employed in the new flow system. 
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TABLE I 

PERFORMANCE CHARACTERISTICS 

Mixture Ratio 80% Diluent : 20% CO 

Density = 0, 33 Amagat 

Temperature 
(0C) 

Diluent 

Sustainer 
Electric- 

Field 
(kV/cm) 

Output 
(Joules) 

Pulse 
Length 
(jisecs) 

Efficiency 
% 

-150 
N2 

Ar 

2.5 

1.3 

1500 

1720 

90 

90 

20 

19 

20 
N2 
Ar 

3.0 

2.0 

700 

200 

80 

40 

5.8 

4 

-7- 

-A. ■   ■   m I^i _■ 



APPENDIX A 

PARAMETRIC PERFORMANCE CALCULATIONS 

A.     INTRODUCTION 

The electrically excited CO laser has received considerable atten- 
tion recently because of its demonstrated high operating efficiency. Hi 2) 
The basic kinetic concepts appropriate to the CO laser have been studied 
in detail. (^-8)   it has been shown that the partial inversions and high effi- 
ciency result from vibrational relaxation processes in the anharmonic 
oscillator,   CO,   under conditions of thermal nonequilibrium, (3-9)   These 
analyses have been concerned with the understanding of the kinetic proc- 
esses involved and the development of numerical results for comparison 
with specific experimental measurements of pulse shape,   electrical effi- 
ciency and spectral distribution.    The basic purpose of the present calcula- 
tions is to present a comprehensive survey of the dependence of the elec- 
trical CO laser performance on parameters such as gas mixture,   trans- 
lational temperature,   and the discharge pulse length for both multiline and 
selective line   operations.    These calculations are intended to serve as a 
guide in the design and development of high power electrical CO lasers for 
a variety of operating conditions. 

This report describes performance predictions obtained with a 
kinetic model of the electrically excited CO laser using either pure CO or 
CO/N2/inert diluent.    Numerical solutions are obtained for the transient, 
response to an electrical pulse of variable shape and width.    The numer- 
ical code computes vibrational population distributions,  the translational 
temperature history,   spectral distributions of the stimulated flux densities 
on lasing transitions,   and the total output efficiency.    Calculations have 
been made for both multiline lasing operations wherein all transitions 
reaching the critical threshold gain are assumed to oscillate (non- 
wavelength selective cavity) and single line/selected multiline calculations 
corresponding to the use of an intra-cavity wavelength selective element. (10) 

The basic kinetics concepts appropriate to the anharmonic molec- 
ular laser,   characterized by CO,  have been presented previously. (3"5) 
The present report includes a brief description of the kinetic model which 
incorporates details of the plasma and molecular kinetics including the 
interactive effects of stimulated emission.     The molecular kinetics include 
both vibration-vibration,   V-V,   and vibration-translation,   V-T,   processes 
among the entire manifold of vibrational levels.    The plasma kinetics de- 
scribe the direct electron impact excitation of the lower vibrational levels. 
The assumptions and limitations of the model are discussed and reference 
is given to the kinetic data required in the model. 
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B.     KINETICS ll 

The basic physics describing the kinetic processes appropriate to 
the electrically excited CO laser are contained in the master vibrational 
rate equation for the density of molecules in each vibrational level.    For 
pure CO or a mixture of CO and an inert diluent there is just one set of 
master equations appropriate to each vibrational level of the CO molecule. 
In the case of mixtures containing another diatomic molecule,   such as CO- 
N2 mixtures,   it is necessary to use a similar set of master equations for 
each vibrational level of the N2.    For the electrically excited CO laser the 
master equation can be simply written in the form (for the CO molecules) 

F -F -D+D.+E+S.,        -S ,      (A-l) 
v-l,v v,v+l v v+l v v+l,v        v, v-1 

.  it, the net particle flux between levels v and v+l  resulting 
v   v+l ' from V-V collisions 

is the rate of deactivation from level v+l as a result of 
V-T collisions and radiative decay 

is the net rate of change of N    as a result of direct elec- 
tron impact 

S is the rate of increase in Nv resulting from stimulated 
v+l, v '      emission. 

These four terms are described in detail below,   together with th<  assump- 
tions involved in deriving their analytic form. 

The V-V and V-T relaxation processes have been considered in 
detail in previous analysis of vibrational distributions in anharmonic os- 
cillators (e.g.,   Ref.   3).    The assumption is made that only single quantum 
transitions occur in collisional exchange and one can then write 

F =TV   IV'Tt1   N M.  - kV+
1
1'V   N   ..M.   ,1 (A-2) V, V + l L*2-J    I     1,1-1 v     1 i-l.i v + l      1-1J 

M  i 

Dvtl    ■   E   K-T V Nv+1 " ^-V'   Nv] M + Nv«/%+l 'A-3' 

dN v 
dt 

ere 

F 
V, V 

Dv + 1 

E 
V 

where k^/t1   and k^' "L*1 refer to the rate constants for V-V and V-T ex- 
1, i-l v - I 

cha.ige respectively,   Tv+1 i8 the radiative lifetime of level v + 1 and M is 
the collision partner.    The sources of the relevant rate constants have been 
described previously. (3)   Theoretical calculations as well as recent 
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theoretical and/or experimental data in CO.    Discharge calculations(23) in 

N2 have shown that the inclusion of excitation/deexcitation from excited 
levels leads to a different distribution in the excitation rate constant to the 
individual vibrat?onal levels.    However,   the overall excitation rate,  Svk  . 

was found to be quite insensitive to the excited state distribution.    Although 
these approximations lead to errors in the excitation rate constants they are 
not expected to have a major effect on the numerical calculations for high 
pressure electrical lasers.    This conclusion follows from considerations of 
the operating conditions in these lasers,   typically electron beam sustained 
discharges.    The pressure is usually high enough so that the characteristi> 
time scale   for molecular relaxation processes,   of the order of 10"^ to 
10"'  sees,   is much smaller than the corresponding time scale for vibra- 
tional excitation which is of the order of 10"^ to 10'^ sees.    As a result, 
errors in the electron impact excitation rate constants to individual vibra- 
tional levels tend to get washed out in the vibrational kinetics and the net 
effect is a small error in the overall excitation rate,   2vkv,  which is equiva- 
lent to a corresponding change in the electron density and which effect can 
be estimated from simple scaling considerations described below. 

In the determination of the cavity flux it is assumed that the  rota- 
tional levels are in thermal equilibrium with the translational tennperature 
and that the rotational relaxation is fast enough so that only one rotational 
line is allowed to oscillate in any given vibrational transition,    Further- 
more,   the cavity flux for each vibrational transition is assumed to be zero 
unless and until the small signal gain for that particular transition becomes 
equal to the appropriate cavity loss.    After this the steady-state approxima- 
tion,   gain equals loss,   is made and the stimulated emission/absorption 
term is described by 

v + 1, v 5   ii       $    ,,     /hv    ,, 'v+l,v    v+l,v'      v+l,v 
(A-5) 

where gv+1   v is t^16 saturated gain and(f,v+i   v is the cavity flux for the 
transition v+l ■• v with frequency  vv+1   v    The small signal gain can be 
shown(25) to be given by an expression of the form 

gv+l, v    =   K v   .,        J(v+1) 0    e 
J-l.J V+1'V 

■ j(j+i) ev/T 

(A-h) 

|(l-Cv)Nv+ie      V 2        v/     v        -Nvf 

where J refers to the particular rotational level,   Cv is a small anharmi. 
correction to the rotational constant,   öv is the characteristic vibrational 
temperature,   and K is a function of the molecular constants together with 
the line broadening parameters.    In the present case,   for high pressure 
electrical discharges the transitions are pressure broadened.    An inherent 
assumption in this analysis is the neglect of spatial variations in the cavity 
flux.    It can be readily shown that the maximum axial variation in the 
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cavity flux is less than  10% for an output coupling,   Lc,   of 60% or less. 
For the present calculations the optical cavity is assumed to be formed by 
two mirrors of reflectivities Rj  (=1  - a^) and R2 (=1   - a2 - Lc) with mir- 
ror losses of aj and a2 respectively.     Using the steady-state condition 
R I  R2 exp (2 g f) = I  it can be shown that the output flux is given by 

^out gChe 

4 "   R2p
C  -  Ij  (l   +R1e^) 

fA-7) 

where 4>   is the calculated internal cavity flux and f is the length of the 
active medium. 

Before describing the numerical results some comment should be 
made regarding the expected scaling with gas pressure and electron density. 
Since only binary collision processes are included in the kinetic model,   this 
scaling is  relatively simple.    The master equation can be nondimensional- 
ized by the use of particle densities which have been normalized by the total 
gas density,   N.    The collisional terms can then be written directly in terms 
of these normalized densities and the term containing the natural lifetime 
can be neglected in comparison with the V-V and stimulated emission 
terms.    The electron density becomes normalized by the total gas density 
and the dimensionless stimulated emission term behaves like d/N^ as a 
result of the small signal gain varying with total gas density and inversely 
with the pressure broadened linewidth.    It follows then that for fixed ratio 
of electron density to total gas density,   Ne/N,   the flux should scale with 
the square of the gas density,  (f.  ~ N^,   and the time should scale inversely 
with gas density,   f ~ N"l.    In this simple scaling relation the effect of 
temperature variations on the  collisional rate constants and the line broad- 
ening have been neglected.    The errors introduced by this approximation 
have been shown to be negligible by numerical calculations, 

C,     NUMERICAL RESULTS AND DISCUSSION 

Some standard operating conditions which are characteristic of high 
pressure discharge lasers have been chosen for the present numerical cal- 
culations of the transient response to a pulsed discharge.    Furthermore, 
the present calculations have been restricted to the case of pure CO or mix- 
tures of CO - N2,    Although CO-Ar mixtures are of interest in practical 
systems,  the expected performance with L.uch mixtures can be readily 
derived from considerations of pure CO at the same value of E/N where 
the N refers to the CO density alone,    Tht     casons for this are as follows: 

1) The Ar is virtually transparent to the low eneigy electrons 
(of the order of I eV) because of the characteristic Ramsauer 
dip(2o) and the fact that the lowest electronic state is over 
i.l eV above the ground state. 

2) The Ar plays virtually no role in the kinetic relaxation proc- 
esses because it only interacts in the V-T deactivation 
process and this is always negligible compared with the V-V 
intramolecular ex :hange process. 
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The major difference between the results predicted for pure CO and that 
for CO-Ar mixtures at the equivalent E/N,   is due to the change in heat 
capacity which modifies the translational temperature rise.    The pressure 
broadening of CO by Ar is similar in magnitude to the self-br .adening^'' 
so that the addition of Ar will not affect the small signal gain at the same 
total pressure.    These comments assume the same . atio for electron den- 
sity to total CO density. 

Since most practical high power electrical lasers such ai ehe elec- 
tron beam sustained discharges^. 28) operate at or near atrrospheric 
pressure,   the present calculations have been made at a fvved total gas 
density of one amagat corresponding to a pressure of approximately one 
atmosphere at room temperature.    The temperature  range of interest from 
50  K to 300  K was chosen as being r. ^resentaUve of the temperature range 
of operation from appi-oximdtely liquid N2 temperature to room tempera- 
ture.    In principle one would like to operate the discharge at E/N of ap- 
proximately 5 x 10"^" volt-cm^ to obtain an electron temperature of the 
order of one eV and so optimize the rate of the energy transfer into the 
vibrational mode by electron impact. (22, 23)   in practice for pulse lengths 
of the order of 10 /j.sec  or longer,   the maximum E/N is limited by arcing 
due to inevitable field concentrations.    A practical operating value of E/N 
of the order of 2 x 10"1^ volt-cm- was chosen for these calculations as 
being representative of experimentally achievable discharge conditions. 
This corresponds to an electron temperature of approximately . 7 eV in 
pure CO and . 9 eV in a mixture of 10% CO - 90%N.    At room temperature 
this is equivalent to an applied electric field of 5, 000 volts per atm-cm 
and corresponds to an overall excitation rate constant, 2vkv,   of approx- 
imately 2. 5 x 10"9 cm^ per second. 

An electron density of 10*^ per cubic centimeter was chosen for 
these calculations being repreoontative of the electron density readily 
achievable with a practical elec^on beam gun(28) operating at a current 
density of the order of 10 mamp per square cm.    For a discharge dominated 
by dissociative recombination losses,   as typified by CO-N2 discharges,  the 
electron density varies with the square root of the electron beam current 
density.    The present calculations assume a constant electron density and 
neglect the small but finite rise time due to electron loss processes fol- 
lowing the discharge initiation.    This can be readily included in calcula- 
tions for detailed comparison with experiment but has a small effect on 
the lasing pulse shape and does not influence the parametric dependencies 
discussed in this report. 

Using the above discharge conditions,   several cilculations were 
made to determine the effect of output coupling on the total electrical ef- 
ficiency for representative CO-N2 mixtures.    These calculations covered 
a range of output coupling from 10 to 90% for the assumed 1 meter dis- 
ci-arge length and indicated comparable operating efficit u y at output 
couplings above 25%.    The efficiency decrease observed with low out- 
put couplings results from the rapid increase in the gas translational tem- 
perature as a result of the inefficient coupling.    It was decided to do all 
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the subsequent calculations using a representative value of 30% for the out- 
put coupling and an assumed 3% reflectivity loss due to absorption at each 
mirror. 

The sensitivity of both the total electrical efficiency ard the energy 
distribution to the initial translational temperature is  shown in Figs.   2 and 
3,    These calculations have all beei  made for a 20% mixture of CO in N2 
with a total gas density of 1 amagat.    Figure 2 shows the variation in the 
total efficiency for both multiline output,   i.e.,   where all transitions which 
reach the threshold conditions are allowed to oscillate,   and for two single- 
line conditions in which the output was restricted to a single vibration/ 
rotation transition from vibrational levels 10 — 9 and 5—4.    The total elec- 
trical efficiency is here defined as the ratio of the energy coupled out of the 
cavity to the total electrical input into the discharge and,  therefore,   does 
not include losses into the mirrors which have been assumed to be 15% rel- 
ative to the output flux as discussed above.    Since the efficiency is time 
dependent what has been plotted in Fig.   2 is the maximum value of the total 
integrated    lectrical efficiency.    The local or instantaneous efficiency is 
initially zero and once threshold gain conditions have been reached,   rises 
rapidly to an almost constant value and after some time starts to decrease 
r~ a result of the increasing translational temperature.    As a result the 
total integrated electrical efficiency rises somewhat more slovly to a max- 
imum value which has been plotted in Fig.   2,  the typical times to reach 
maximum efficiency being of the order of 30 to 100 microseconds for the 
assumed discharge conditions.    These times could be scaled to other dis 
charge    onditions by the  simple scaling relationships discussed earlier. 

The ter-iperature dependence of the multiline efficiency is to be ex- 
pected based on considerations of small signal gain and vibrational relaxa- 
tion.    The gain in a partial inversion as described in Eq.   (A-6) is clearly 
a very sensitive function of the translational temperature and for a given 
vibrational distributica,   increases rapidly with decrease  in translational 
temperature.    Thus,   the time to reach threshold gain increases with the 
translational temperature and as a result the amount of energy which must 
be invested in the vibrational mode in order to reach threshold conditions 
also increases drastically with translational temperature.    These effects 
are clearly seen in Fig,   3 in which is shown the fraction of the total ;nput 
electrical energy stored in vibrational and rotational ^translational energy 
as a function of time for each of the three different temperatures corre- 
sponding to the multiline calculations i'i Fig.   2.     The variation in the time 
necessary to reach threshold conditions,   indicated by the rapid drop in the 
fraction of energy stored in vibration,   is evident in Fig.   3 and is a min- 
imum at the lowest translational temperature.    Similarly the fraction of 
energy stored in vibration is a minimum at the lowest temperature.    This 
figure also illustrates the approach '.o the quasi-steady-state conditions 
following which 6ifl stored vibrational energy must continue to increase 
slowly to maintain the cavity gain requirement as the translational tempera- 
ture increases. 
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Fig,   2        Sensitivity of the Maximum Total Electrical Efficiency to the 
Initial Translational Temperature under Single and Multiline 
Conditions.    Ne = IQl3 cm-3,   ^CO = 0  2>   E/N = 2 x ll^16 

volt-cm2 and N = 2. 69 x 1019 cm-3.    The active discharge; 
length is  100 cm and the output coupling is 30% with an addi- 
tional 6% loss in mirror reflectivity. 
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The flux extracted in a single vibrational transition is always as 
large or larger than the energy extracted in the same transition under 
multiline operating conditions.    Clearly for vibrational levels below the 

vv-1 vv-1 
level of the peak in the distribution^   '.     .    is approximately equal to 0   '   . r single mum 
because the same amount of energy flows through the level v under each 
operating condition.    On the other hand for vibrational levels beyond the 

peak in the multiline distribution 4)V: V"1    is greater than p   '   ,  .   since the r single muiii 
vibrational relaxation process transfers energy preferentially up the ladder. 
As a result the vibrational ^ nergy cannot escape via the lower level transi- 
tions which would oscillate under multiline conditions and therefore is cycled 
through the higher level transitions. 

As indicated earlier the total electrical efficiency passes through a 
maxirrum in   ime because of the temporal inc.-ease in the translational 
temperature.    The rate of increase dT/dt is clearly greater for single-line 
than multiline operation because it results from the anharmonic energy 
defect which is converted to translational/rotational energy in the V-V re ■ 
laxation process.    For single-line operation,  the vibrational quanta have 
cycled through more vibrational levels than in the multiline process unfl 
the quanta reach a vibrational level where they can escape via stimulated 
emission or be quenched by V-T collisions at even higher levels.    For the 
assumed operating conditions the  rate of increase of the translational tem- 
perature can be 50% larger for the single-line operation relative to the 
multiline.    For single-line operation fron v to v-1 the gradient dT/dt 
increases with the increasing level v beyond the peak of the flux dis- 
tribution. 

All calculations shown until now have been made to illustrate the 
effect of varying the initial translational temperature.    It is also of interest 
to predict the performance variation with gas mixture and such calculations 
are  shown in Fig,   5,    Here the maximum total efficiency is plotted as a 
function of the mole fraction of CO in CO-N2 mixtures frr a constant initial 
temperature of 100OK,    As before,   these calculations ^ave been made for a 
fixed electric field or constant value of E/N.    TO a fi.-st order approxima- 
tion,   the overall excitation rate constant,  Svkv, is approximately independ- 
ent of the CO mole fraction (/»CO-     Because the vibrational excitation cross 
sections of CO peak at a lower electron energy than the cross sections for 
N2 the discharge tends preferentially to excite the CO vibrational levels. 
As a result the net vibrational excitation rate per CO molecule increases 
almost inversely with the CO mole fraction down to mixtures of 20% CO. 
Even for mole fractions as low as ^CO ■ 0- i on'y 23<70 of the energy is 

coupled directly to the N2 and 80% into the CO.    In principle the N2 vibra- 
tional energy should be transferred via intermolecular V-V collisions to 
the CO molecule since this exchange is exothermic.    However,   the cross 
section for this exchange processH2. 29> 

30) is three orders of magnitude 
smaller than the cross section for intramolecular transfer in the CO 
molecule.    This transfer from N2 to CO is therefore too slow to be effec- 
tive for pulse lengths of the order of 100 /isecs or less.    On the other hand 
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this intermolecular transfer is clearly important in cw CO lasers and is 
probably responsible for the  recent research experimental observational) 
of lasing on the lowest transition v = l  -* 0,   in a low pressure discharge tube 
experiment using very dilute mixtures of CO in N2 and He. 

The results shown in Fig.   5 indicate that the multiline efficiency 
should be relatively insensitive to the CO mole fraction,   peaking with a 
maximum efficiency occurring at mole fractions of the order of 20 to 30% 
as has been observed experimentally. (28)   The efficiency decrease with 
decreasing mole fraction below ipCO =  0. 2 is due to the electron excitation 
of vibrational mode of N2 and lack of V-V transfer from N? to CO.    It 
should be noted here that the predicted delay time to reach the threshold 
conditions (the time  from the discharge onset to the lasing onset) decreases 
with decreasing CO mole fraction as has been observed experimentally. (28) 
This change in the threshold delay time  results from the increase in the 
vibrational energy per CO molecule,   and consequent increase in the effec- 
tive local vibrational temperature,   as the mole fraction decreases.   Thus, 
at any time before lasing the  small signal gain is expected to increase in- 
versely with the CO mole fraction (see Eq.   (A-6)).    This gain variation also 
implies that the lowest lasing transition moves to lower vibrational levels 
as ip CO is decreased.    Correspondingly,  the vibrational distribution flattens 
out as  i^GO increases because of the increased rate of vibrational relaxa- 
tion with increasing mole fraction.    These effects are responsible for the 
sensitivity of the low-level single-line performance with CO mole fraction 
as illustrated in Fig.   5,   i.e.,   the sensitivity of the low level,   v = 5 - 4, 
single-line performance to ^ CO is t^le direct result of the influence of the 
CO mole fraction on the vibrational energy per molecule and hence the 
small signal gain. 

Also shown in Fig.  4 are some calculations for several selected 
lines to simulate conditions one might achieve by use of an intercavity 
water vapor absorption cell. (32)   The efficiency for operation from v=7 -► 
6 -♦ 5 -* 4 is close to the multiline efficiency for small mole fractions since 
these transitions are near the peak in the multiline flux distribution (com- 
pare with Fig.  4).    For lasing on the tranpiLion v=10 -► 9 or v=10 -»• 9 -► 8 
the *otal efficiencies are much greater than for the corresponding transi- 
tions under multiline operation (by over an order of magnitude) because of 
the preferential transfer of vibrational energy • p the vibrational ladder as 
discussed earlier. 

The effect of varying the electron density while keeping the total gas 
density and the gas mixture constant is shown in Fig.   6.    The solid curves 
correspond to an initial translational temperature of 100  K and the dashed 
curve and initial translational temperature 300  K assuming multiline opera- 
tion in a 20% mixture of CO in N2.    In this figure the time scale Net has 
been used since the rate of vibrational excitation by electron impact varies 
directly with the electron density.    This electron excitation is the rate 
limiting process since the characteristic time for V-V exchange is much 
smaller than the characteristic time for electron excitation of vibration 
under the present assumed conditions. 
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The calculations indicate that the delay time to reach the threshold 
conditions varies as Ne"a where a < 1 whereas one would expect a = 1 in 
the absence of vibrational relaxation.    The departure from the expected 
N   -1 behavior in the time  scale is small compared with the overall varia- 
tion in Ne,   an order of magnitude in the present calculations.    Although 
not shown in this figure the calculations   also indicate that the vibrational 
level for the lowest transition decreases with increasing electron density. 
This occurs because of the finite rate of the V-V relaxation with the result 
that the effective vibrational temperature (and correspondingly the small 
signal gain) in the lower levels increases with increasing Ne at fixed value 
of Net.    The small shift in the lasing transitions towards lower vibrational 
levels with increasing N, also results in a small decrease in the total ef- 
ficiency because a greater fraction of the total energy must be stored in the 
vibrational distribution to maintain the lower level inversion. 

The temporal variation in the translational temperature is shown in 
Fig,   7 for the same conditions as used in Fig.   6 time being again normal- 
ized by the electron density.    In all these calculations,   the dominant gas 
heating term results from the anharmonic V-V exchange collisions for 
which the energy defect is absorbed in translation.    The gas heating can be 
approximately represented by 

N C dT 
dt -   k 

V-V 
N 12 

(A-8) 

where N* represents the population density of the vibrationally excited CO. 
By reference to the master equation (A-I),  one can deduce that kv_vNt^ 
~ keNeN so that dT/dt - keNe/Cp and one would expect the temperature 
increase to scale as Net.    This is verified to first order by the calculations 
shown in Fig.   7.    The perturbation from the predicted result indicates a 
small relative increase in AT with decreasing Ne.    This arises from the 
small shift in the lasing flux distribution to higher vibration levels as Ne 
decreases thereby requiring vibrational quanta to be transferred further 
up the vibrational ladder before they can escape via stimulated emission. 
The fractional temperature rise with a 300  K initial condition is signifi- 
cantly smaller than the corresponding temperature rise at the 100  K initial 
condition and is simply related to the much longer characteristic time 
scales for the high temperature operating conditions. 

Finally,   some calculations were made to examine the effect of 
maintaining fixed power input,   i. e, ,   NeN constant while allowing both the 
electron density Ne and the total gas density N to vary.    These calcula- 
tions were made for 20% mole fraction of CO in N2 and are shown in Fig,  8, 
The data are plotted against the normalized time scale Net since this char- 
acterizes the fractional excited population of the CO.     Because the small 
signal gain is a function of the total CO density as well as vibrational energy 
per CO molecule,   it follows that the time to reach threshold conditions • 
must decrease with increasing CO density as illustrated in Fig,   8,     Unfor- 
tunately,   there does not appear to be any simple interpretation for the 
variation in total efficiency calculations under these constant input power 
conditions.    The variation in the translational temperature for these con- 
stant input power conditions are similar to the results shown in Fig.   7 and to 
first order exhibit the same expected temperature scaling,   namely AT vary- 
ing as N  t. 
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APPENDIX B 

LINESHIFT/LINEWIDTH CALCULATIONS 

A.     INTRODUCTION 

Most theories of pressure shift (and broadening) are based on 
Anderson's theory. 0) and our analysis will follow the general outlines 
set down by Anderson.    We shall be interested in radiating moleculei 
perturbed by intermolecular collisions,   specifically CO perturbed by N2. 
Measurements of CO shift indued by the noble gases in collisions have 
been reported^) and are of the order of 5 cm" l/atm.    However.   CO-N2 
shifts have not yet been measured,   and a theoretical analysis was neces- 
sary. 

The problem of line shifts by intermolecular collisions was Pre- 
viously investigated by Sharma and Caledonia. 0) who applied their results 
to the vibrational-rotational spectra of DC 1 perturbed by HC i  and HC 1 
perturbed by DC I.    We have applied our analysis to these cas" ^4^ 
Checking our calculations against the experimental results O* {•«•*' and 

his co  workers.    We obtain somewhat better agreement than that obtained 
in Ref.   3.     Finally,  the CO-N2 shifts have been found to be of the same 
order as the measured CO-rare gas shifts. 

In the discussion below we present an outline of the problem and 
the highlights of the analysis,   as well as compendium of the obtained 
results. 

B.    STATEMENT OF THE PROBLEM 

The physical origin of the line shift lies in the fact that the molecu- 
lar interaction energy is.   in general,   not the same in the upper and lower 
states of the radiative transition. 

Consider a radiating molecule being perturbed by another molecule 
oassing close by.    The amplitude of the radiation is proportional to the 
autocofrelation^unction.    Thus,   if  I i>.   1 f>.   denote initial and final states, 

Amplitude ~ <f | |i (t) | i> 

where   ^  is the dipole moment,   and 

Intensity ~</jL (t)|j, (t + T)> 

(B-l) 

(B-2) 

-29- 

A. 



-^7 7 

Now.   if  H     denotes the interaction 
c 

(m|n(t)|n)«|imn(0)exp^r ^m"^* +/    [<mlHcim) " (nlHc|n)J  dt' (B-3) 

If we write the spectral density as the transform of an autocorrelation 
function,   we have 

IM ~  /    dT   [exp i(a)mn-CO)Tj • (T) (B-4) 

where   *(T )   is that part of the autocorrelation function not included in the 
sinusoidal variation,   and may be written as 

where 

* (T)      f dt exp    i^.jit+T)  -nLf(t)) 

V^  " t |-/^m|Hc|n)j dt' 

(B-5) 

(B-6) 

Now 

Tlif(t+T)  -   Hif(t) 
collisions from 

t to  t+T 

(B-7) 

and   4'(T)   has the form 

$(T)~ <exp i [^]>. (B-8) 

By the central limit theorem      X) ^c   wil1 be a Gaussian random variable. 
For such a variable 

$(T)~exp i < X)\> exP-  f   <  P ^c)   > ' (B-9) 
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Now 

2_!TI    > = <TI>X 
collisions 
unit time XT   ä    

< ^ > ncrvT (B-10) 

where   v   is the relative velocity,   n  the perturber density per unit volume, 
and  a  is the collision cross section.    Similarly 

(N' >   =   < r|   >   navT . 

Hence 

(B-ll) 

lid» 
l 

2 2 {W - aj..-nva.)     + (nva  ) 
ij i r 

(B-12) 

where (X  denotes a sample over collision events), 

2^ 
ij   dXT1     s   2    <T1 (B-13) 

and 

'. ■ -/ dXri  ■ -a <T]> (B-14) 

where  a.,   a     are the lowest order expansions of 
r r 

dX(l-elT1) CT = a    + ia. - a f 
1       / 

(B-15) 

Anderson's theory       has an average over the perturber angular momen- 
tum,  j? 

a-Z P       a 
J2       J2     J2 

(B-16) 

where 

p       =  (2      + Dexpf-hcB.    (j2 + l.v 

r -hcB.   (j2+i)-i 

/kT]/j:   (2J2 + l)exP[ 1, J 

(B-I6a) 

\ 
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and 

a . a I dX 
J2 ■/' 

I- 
1 

2.    + 1 
J2 

i£     -1     fi T Tru      Tu       1 ^z ^z 
if     fi 

T^z   ^z 
(B-17) 

where 

^ 
if 

= <i | ^ | f>   =    <m | ^ (B-18) 

and 

(m|T|n)   =  S  matrix element for transition from  n to  m,   i.e.    | Smn | 
gives the probability of finding,   at   t = + «,,   the system in state  m,   if it 
was known to be in state  n  at   t  - -«.     The trace term in the expression 
for   aJ2   has the form of a normalized autocorrelation function - i. e. ,   it 
plays the role of the   elTl   factor. 

C.    METHODS OF EVALUATING THE ANDERSON RESULT 

Use of the Wigner-Eckart theorem enables us to simplify Eq. (B-17) 
so that,   if b  denotes the collision impact parameter 

(5) 

(T. 

J2 / 
db   27rb  S.    (b) 

J2 
(B-19) 

where  b  denotes impact parameter and 

S.    (b) =  1-L    (jf mflM|jf lj. m.) (jf mf'lM| jf lj. m.') x 
J2 2        '       ' 

all  m   x (j£ mf jj  m., | T-1^)! jf mf'  ^   mj  ) (jj m.'  J2  m2' 

x |T(b)| ^mjjj  m2). 

In Eq.(3-20),   j^ ,  jf   refer to the lower and upper states for the 
transition, a,   m   refer to the internal angular momentum and its compo- 
nent    and the sub-index 2 denotes the perturbing particle.    Straight line 
trajectories are assumed and hence there is no need to specify the momen- 
tum states Wore and after the collision.    Anderson, ^' as well as most of 
his followers, <5. 6) !      e proceeded from Eq. (B-20) by expanding  T  in an 
infinite series. I'» 

(B-20) 

...J 
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In practice,   this is taken to be (V      r exp(i Hot/Ji)) 

T      1   + w I 
= i+E 

n       (fa) 

V H   V    dt  + -rrr o co (i/h 

/V "1 H   V    (t,). o col 

Ir-s-  /   V   "1 H  V       /     V^Hft' i)2/        o coy        o c 
•^ _oo 

)V   dtdt 

v      H v (t) e(t.-t9)... e(t    . -t ) 
o c   O 1    2 n-1     n 

dt. dt 1 r (B-21) 

Through second order, we have 

—    (jfmf j2  m2 S2(b) = ^ J2 +  1   I m        2j£ 
T."    (b,+ T2

_   (b)|jfmfj2m2 1 
tJ2  m2 T^b) + T2(b) Jimi J2  m2) 1 

+ zTTl   Oi^lMl^l^m^lm^M  jf  Ji m.-) x 

x(jf mf j2  m2|T1"
1 {b)| j{m{'j2

, m^" )(j. m.' J2 m^ [TJ (b)|j. m. J2 m2) 

(B-22) 

where factors of the form (j  mj'     m'    j   j' j"m+ni   ) denote the usual vector 
coupling coefficients. ' 

S   (b)   may be cast in a very useful form by means of Feynman graph 
techniques.     The result is 

S2^  ■   2-Vr    [  Al (b) + Al eff<b) + A2<b) + S2m(b)] (B-23) 
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where,   if 

/»■ 
Hc /     ^c(t)elFtdt (B-23a) 

Al (b)  = (2.   4  1)^   <  h mf j2 m2 
Hc(0) if mf J2 m2 > 

{ (2.   ; [TU   <  jimij2m2 
J; 

Hc(0) j. m. j2 m2  >, 
i      i 

(B-24) 

A        (b)  = ■ 
eff (2 

-i -VW|(j,mf U mJH    (t)|B   ) 1  2 dt/u)fR    + ■ ^ (i**^ 

Jf u Ji 
(B-25) 

(where Bu denotes the far lying intermediate states - i. e. ,  those spates for 
which the energy denominators Cü,-    ■ tt- + 0).     - Wu    and 0) ^ u)   + W. 

fBu f J2 Bu L     ,   lBu        l J2 
- a)n     are of the order of the vibrational spacing or higher),   and 

B u 

A2(b)  -   2 ^*?l<" mf j2 m2 «c^fB^I5^ 

T |<J^£J2r"2|Hc(F)|Bg>|      | 

5     J "fBj-r ) 

+  (i-^f) (B-26) 

where B. denotes those states which yield energy denominators comparable 
to the molecular rotational spacmgs,    S,    (b) denotes the last term of 

Eq.   (23) which we have not explicitly simplified. 
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The prime advantage of Eq.   (26) is that the real part of A^,   which 
contributes to the line broadening,  has already been explicitly evaluated 
for a wide range of interactions.(5, 8)    The imaginary part of A2,   which is 
a shift contribution,   involves the same matrix elements!    We need only 
perform an additional Hubert transform to obtain the imaginary part of 
A^ib).    We illustrate this explicitly for a dipole-dipole interaction. 

Tsao and Curnutte*      give,   for a dipole-dipole interaction,  the 
following result: 

s .1 
2REAL      9 (

!
K^) E(ji0MMv0)2^2010Ijzlv0)2s(W) 

Mi*-»f) (B-27) 

where p is the dipole moment,  k in the initial state is 
Ji 

-CO     - U) b/v,   and f. (   k    ) is a tabulated function,   expressible as a 
h     hi 

bilinear sum of modified Hankel functions.     For example,   for a fixed j. 
and j?,   consider the intermediate state j.  -  1,   jo + ^    Then 

ZTTB   b 
k - 

ZTTB   b    r 1 
+   -rfr  [h (J2 + l)  " J2 (J2 "  ^J 

27rb 
v/c 

[- 2Br (j.  +  1)  + 2Bp jj (B-28) 

whce B   .   B    denote the rotational constants of the radiator and perturber 
r'      p 

in the initial state.     In shift calculations we may use this formalism intact, 
pausing only to take the Hubert transform of f(k).     That is,   in place of 
f (k) we use 
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g, (k)       i   P / dx -r1  (B-29) 

(5) 
then,   if dipole-dipole were the only interaction,   we would have       for a 
particular value of j. 

t 

(Av) ,       - ^ Im a(j1). (B-30) ( 
shut in em 

Calculations were performed using Eqs.   (30) and (31) and the following 
interactions through b"" 

(a) dipole-dipole 

(b) dipole-quadrupole 

(c) quadrupole-dipole 

(d) quadrupole-quadrupole 

(e) effective first order interaction 

(induction and dispersion) 

The quadrupole-quadrupole contributes in first order as well as 
second.    All the others possess second order interactions only, since the 
expectation value of the dipole moment components is zero for interactions 
(a)  - (c).    Therefore,   we may take the results of Tsao and Curnutte,  pausing 
only to replace each f(k) function by its Hilbert transform.    For the 
quadrupole-quadrupole,   we have treated the second order term in this 
fashion,   and have explicitly evaluated the first order term as well as the 
effective first order (dispersion) interaction. 

Equations (30) and (31),   as they stand,   are insufficient to calculate 
the desired line shifts.    The reason for this is that S2(b) diverges as b - 0 

as does (T(j   ).     A cutoff is necessary,   and we turn our attention now to an 
analysis of this question. 

D.    THE CUTOFF 

Clearly,  the cutoff procedure must become operative at value of b 
(the impact parameter) where the expansion,   Eq.   (21),   ceases to be valid. 
For a dipole-dipole interaction the expansion parameter is of the order of 
(P ■ dipole moment   10" 18 e. s. u.   cm ■ eb  ) 
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hb 

1/137 
v/c 

(B-31) 

Typically this parameter approaches one when 

D <    12 X (B-32) 

which is triple the typical collision diameter.    Several ad-hoc cutoff pro- 
cedures were advanced by Anderson!1) for line broadening problems.    For 
line shift calculations,   Sharma and Caledonia proceeded as follows.    Physi- 
cally,  S(b) cannot exceed unity as may be seen from its definition,   Eqs. 
(19) and (20).    Accordingly,  Sharma and Caledonia multiply 1m S(b) for 
each J2 by factor  l-ReS(b),   with the added proviso that the integration over 
Lhe impact parameter b vanish for ReS(b) > 1,     This procedure has several 
advantages: 

a) It is convenient - since the cutoff is not m dependent, sums over 
magnetic quantum numbers may be taken and the unitarity of the 
appropriate vector coupling coefficients utilized. 

b) It cuts off for small b. 

The nature of this cutoff is very rough,   however.    Mainly because 
of the first property,   and our desire to use the results of Tsao and Curnutte, 
we have utilized the Sharma - Caledonia procedure.    The true villain of the 
piece,  however,   is the utilization of the expansion Eq,   (21).    A far more 
efficient expansion of the matrix element (m | T | n) has been given by Murphy 
and Boggsi?) in the course of constructing an alternative theory for line shift 
and broadening.     A close reading of this work,   however,   indicates that their 
principal contribution has been their alternative to the expansion Eq.   (21), 
rather than their alternative to Anderson's Equation,   Eq.   (17).    The 
Murphy-Boggs expansion,   which puts the expansion in a negative exponential, 
has the great advantage that S2(b) -* 0 (both real and imaginary parts) with- 
out the need for any artificial cutoff.    Its great disadvantage is that it is m 
dependent,   ensuring the necessity for a long machine calculation. 

One final point.    In utilizing a cutoff with a  l-ReS2(b) factor,  the 
last term in Eq.   (22),  the so-called S2 middle term is omitted.    The physi- 
cal reason for this is that it yields a better approximation to the true 
(Murphy-Boggs) cutoff. 

E.    THE RESULTS 

As a check on the procedure we have used,   we calculated the 0 -► 2 
vibration-rotation shifts for DC1 perturbed by HC 1 and for HC 1 perturbed 
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DC I (0-2) LINESHIFT BY HCI 
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R(J) 

J 
10    12    14 

Fig.   9   Shift of DCC 0-2 band by HCP per atmosphere HCf.    Units 
are  1,0 x 10"^cm"l.    Crosses  represent experimental 
points (Ref.  4).    Solid line is the calculation of Ref.   3. 
The hatched line is the present report. 
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Fig.   10   Shift of HCf 0-2 band by DCC per atmosphere DCl.    Units 
are  l.Ox lO-3 cm-1.    Crosses represent experimental 
points (Ref.   4).    Solid line is the calculation of Ref.   3. 
The hatched line is the present report. 
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Fig.   11    Shift of CO 0—2 band by N2 per atmosphere N2 (crosses). 
The experimental shifts due to Argon (dots) are presented 
for comparison (c.f.   Ref.   2). 
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