B

#’-

AD.-765 35C

ATMOSPHERIC PRESSURE GAS LASERS

Hermenn A. Haus

Massachusetts Institute of Techuology

Pirepared for:

A 'vanced Research Projects Agency

26 January 1973

DISTRIBUTED BY:

Mational Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




L

e e e b T B e . ]

=

ol e

f

a4

o

AD 765350

}

SEMIANNUAL TECHNICAL REPORT ON
ATMOSPHERIC PRESSURE GAS LASERS

covering the period

December 1, 1972 — May 31, 1973

submitted by

Hermann A, Haus
Professor of Electrical Engineering

Sponsored by

Advanced Research Projects Agency
ARPA Order No. 0675, Amend. No. 16

Contract Number: DAHC04-7 2-C-0044

Program Code No. :
€2301E

Contractor:

Massachusetts Institute of
Technology
Cambridge, Macs. 02139

Effective Date of Coutract:
June 1, 1972
Expiration Date:
May 31, 1974

Amount of Contract:
$80, 000

Principal Investogator

Hermann A. Hzus
617-253.2585

Short Title of Work:
Atmospheric-Pressure Gas Lasers
Date of Report:
January 26, 1973

The views and ccnclusions contained in this document are those of the authors,
and should rot be interpreted as necessarily representing the official policies,
either expressed or implied, of the Advanced Resesrch Projects Agency or

the U.S. Government,

Approved for public release; distribution unlimited

Reproduced Ly

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Denartment of Commerce
Springfiald VA 2215)




1
'

:

i
1

:
»

Semiannual Technical Report on

Atmospheric Pressure Gas Lasers

covering the perind

December 1, 1972 — May 31, 1973

SUMMARY

I. Mode Locking and Pr'se Selection

In the previous semiannual report, work of Y. Manichaikul was
described in which he succ essfully switched out a single optical pulse
from a mode-locked CO2 transversely excited atmospheric pressure (TEA)
laser. The peak pulse power iwas of the order of 10 kW.

A rew system has been designed to produce short liuer pulses in
order to improve the achievable peak powers and also to enable us to
obtain two optical pulses of roughly equal intensity separated by a time
of the order of 20 ns. Improvements in the peak powers were necessary
to znable saturation of a TEA amplifier with the pulse in order to study
nonlinear amplification in such a system; the selection of two (or more)
successive pulscs was desirable, in order to ascertain the relaxation
times responsible for the recovery of the upper laser level through inter-
change ol energy with other vibrational levels of the same vibrational
(asymmetric stretching) mode. The system has keen operated succes -

fully, giving pulses of less than 2 ns duration and 500 k'W peak intensity,

The system is described in detail in Quarterly Prmgress Report No. 110,




Research Laboratory of Electronics, July 15, 1973; a revised version
meantime appears as Appendix I of this report. We have now made
extensive amplifier measurements whicl: we are analyzing and will
report subsequently,

In addition to forced mode locking by an acoustically driven crystal,
mode locking by a saturable absorber (a hot CO2 cell) promises to be
a convenient means to produce short mode-locked >ulses. Such work
on conventioral TEA lasers has been reported in the literature. The
scheme is particularly attractive for the mode locking of lasers oper-
ating at 10 atm. Sucha laser has recently been operated successfully
in this research group by J. L. Milier. A gas cell has the obvious
advantage over a crystal in that it is less susceptible to optical damage,
which is a more critical requirement at the high intensitie:s achieved
with high-pre;ssure lasers. The theory of mode locking by saturable
absorbers, although widely discussed in the literature, ir less well

understood than the theory of forced mode locking., In an attempt to

predict the operating requirements of the hot CO2 cell, a theoretical

enalysis has been initiated of mode locking by saturable absorbers.
Thus far, we have analy~ed the case of a weakly saturatec implifying
medium and a weakly saturated absorber, the latier with response
times fast compared with mode-locked pulse time and amplifier re-
sponse time. The theory is presented in Appendix I, a preprint from
Quarterly Progress Report No. 110, Research Laboratory of Elec-

tronics, July 15, 1973,




II. Closed-Form Analysis of Electron Distribution and Pumping Rates

The analysis of the electron distribution in a discharge excited mole-
cular laser mentioned in our previous semiannual report has been written
up in a paper submitted to the Journal of Applied Physics; a copy of this
paper constitutes Appendix III. Stated briefly, the objective of the work
is to find simple analytic expressions for the electron distribution in
the Jaser discharge, including the etiect of lasing. Example: treated
in the paper include, for an E-beam CO2 laser, the cvaluation of the V-1

characteristic of the sustainer field, the gain, the efficiency ard the

pumping rates of the molecular levels with and without lasing.
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APPENDIX 1

Revised Version of Preprint from Quarterly Progress Report
No. 110, Reseurch Laboratory of Electronics, M.IL T., July 15,
1973, pp. 118-121

GENERATION AND AMPLIFICATION OF HIGH-INTENSITY

NANOSECOND TEA CO2 LASER PULSES

Y. Manichaikul

We have reported previously on generation of short nanosecond
pulses from a pin resistor TEA CO2 laser by way of mode locking and
cavity dumping.l Single pulses 4 ns wide (full width at half maximum,
FWHM) with peak power ~10 kW were produced. Froblems were en-
coiritered with the system and a new one was built. The problems, and
the changes that have been made in the new system, arc as follows.

(i)  The peak power obtaincd from the previous system was too low
for some experiments. For example, to saturate a TEA CO2 laser
amplifier requires a peak intensity greater than 100 kW/cmz. In our
new system we use a 3-electrode TEA CO2 discharge tube which
has a higher gain than the pin-resistor TEA CO2 discharge tube.2 With
this improved system we have nbtained mode-locked pulses of peak powers
in cxcess of 500 kW,

(ii) A germanium acousto-optic modulator at Brewster angle is

now being used. This eliminates the power-density limitation that




arose in the old system, which used an antireflection-coated germanium
modulator,

(iii) An antireflection-coated GaAs crystal is now placed outside,
rather than inside, the optical cavity, which makes alignment of the
cavity less critical.

(iv) In the old system the high-voltage supply to the cavity-dumping
GaAs crystal was falsely triggered by electrical noise generated by thic
laser discharge tube. In the new system a laser-induced spark gap3 is
used to eliminate this problcm.

(v) Previously, continuous RF power was supplied to the germanium
mode-locking crystal. This caused the germanium crystal to heat up,
thereby changing its acoustic resonance frequencies. We are now using

pulsed RF power to minimize this problem.

Experimental Arrangement

Figure 1 is a schematic diagram of the experimental arrangement.
With a dc voltage of 5 kV across the GaAs electro-optic modulator
a fraction of the energy from the beam can be switched out at the
Brewster-angle germanium plate, Ge P. This fraction of the beam was
guided by two flat mirrors to a gold-coated mirror with 2-m radius of
curvature, which focuses the beam inside the 3-elecirode laser ampli-
fier., The tube is operated between 10 Torr and 400 Torr. A frac-
tion of the beam, before going into the amplifier, is reflected out

from a beiin splitter and detected by a copper-doped liquid-helium-cooled

detector with a rise time of <1 ns. The fraction of the beam that has




passed through the amplifier is detected by a gold-doped liquid-nitrogen-

ceoled detector with a rise time of ~1 rs.

Experiments

a. Generation of Nanosecond TEA CO2 Laser Pulses

]
The iaser cavity has an optical length of approximately 1.88 m. To J
achieve forced mode locking, RF driving , ower over time intervals of
2.5 ms duration with 4 W peak power was supplied to the germanium i
acousto-optic modulator, The 3-electrode discharge tube inside the cav- !
ity is set to trigger a* 2 ms after the R{" power is on. We have obtained ;

mode-locked pulscs <2 ns wide (FWHM) with a peak power of ~500 kW,

The switching out of individual pulses is accomplished by using the

TR -

laser-induced spark gap, which is normally filled with prepurified nitro-

gen at 100 psi. The coaxial cable was charged up to 15 kV. We can

‘ vary the temporal triggering of this gap by altering the nitrogen pres-
sure, the distance between the two electrodes of the ~park gap, or both.
When the spark gap is triggered, a square voltage pulse of 7.5 kV, twice
thc length of cable, is produced. This pulse is supplied to the GaAs crys-
tal, which rotat¢ . the polarization of the desired number of mode-locked
'

) pulses. These mode-locked pulses are then reflected out of the train at

the Brewster-angle germanium plate.

b. Amplification of Nanosecond TEA CO2 Laser Pulses

Three pulses from a train of mode-locked pulses were switched

out and guided through an amplifier tube. These pulses were measured



before and after they propagated through the laser amplifier, Figure 2
shows input and output signals deter:ted by copper-doped germanium detec -
tcrs. The output signal was artificially delayed 100 ns by use o” a coaxial
delay line. By using the add-mode on a Tektronix 7904 oscilloscope, we
were able to display both signals on a single trace.

In cur preliminary studies we have found that the first pulse of our
three laser pulses is of sufficient power density to saturate the laser
omplifier. Further work on this aspect of the experiment will be described

in a future report.

Refere.nces

1. Semiannual Technical Report covering the period June 1, 1972 —

November 30, 1972,

P. R. Pearson and H, M. lamberton, "Atmospheric Pressure COz

Lasers Giving High Output Energy Per Unit Volume," IEEE J. Quant,
Electronics, Vol. QE-8, No. 2, pp. 145-149, February 1972,
3. A. V. Nurmikko, IEEE J. Quanc. Electronics, Vol. QE-7, No. 9,

pp. 470-471, September 1971,
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APFENDIX II

Preprint from Quarterly Progress Report No. 110, Research

?.11' -~

Laboratory of Electronics, M.I. T., July 1973, pp. 21-23

MODEL OF MODE LOCKING WITH SATURABLE ABSORBER
C. P. Ausschnitt, H. A. Haus

Of the many studies of mode locking using saturable absorbers, the
work of Kuizenga and Siegmanl on forced mode locking has the greatest
analytic simplicity. In this report our objective is to obtain simple
expressions for the intensity and the pulse width of passively mode-locked
pulses and to choose a model simple enough to make closed-form analysis
possible. We assume, with Kuizenga and Siegman,l that the gain of the
laser medium changes negligibly through passage of a single pulse. We
further assume that the response time of the saturable absorber is fast
enough so that the population difference between the lower and upper levels
in the saturable absorber can follow the pulse envelope instantaneously. -
Finally, we assume that the population perturbation in the saturable
absorber is small enough that its rate equation may be linearized.

Our analysis is analogous to Kuizenga and Siegman's and, in particu-

lar, we require that a Gaussian pulse reproduce in magnitude and width

10




after passage through the amplifier and the absorber and after reflectiorn
from the output mirror.

Adopting the notation of Kuizenga and Siegman and following their
analysis of the passage of a Gaussian pulse through the amplitying

medium, we obtain the electric field at the amplifier exit.

E G
E = —2— exp| -(t—B)2/4A]. (1)

4NYA

When this pd].ce passes through the saturable absorber, it affects the
population difference between the lower and upper levels of the absorber

n according to the rate equation

L +3,;_:_n_'; = --:F;z-" |p!2 neIEIZ.
1 h*
All symbols in this equation refer to the parameters of the caturable
ahsorber. Here n® is the steady-state value of i.

Because the main pulse-shaping occurs near the maximum of an
optical pulse, we expand the E-field of Eq. 1 around the instant at which
E reaches a maximum and the absorption reaches a minimum. 1n this
way, we obtain for the population difference in the absorber

.
O __[1-2(t-B)2
A = = ) /4A]

2
lf! ¥, T, &
ﬁz 16y

The signal passing through the absorber is multiplied by

exp(-al) = exp(-Sn),
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i T = el

R
L, P

- S
F—M\h—-
G >

where S is a parameter characteristic of the relaxation time and matrix
elements of the absorber. At this point cur analysis connects with the

Kuizenga-Siegman analysis, since the modeling of the absorber makes

it performn a functior identical to the function performed by the modu’ato.

used in forced mode locking. The parameter & g“’rzn of Kuizenga and

Siegmanl is rcplaced by

2 e
Suly (5)

4 »

!s 1 6yA2

where IS is now the saturation intensity in the absorber, Using the
results of Kuizenga and Siegman, from the self-consistency requirement

on the pulse width we find

2
1 i G
Y=ty . 6)
4A Is 16y A2
The self-consistency requirement on the pulse amplitude gives
G exp(-Sn°) = 1, (7)
2NYA

The parameter R is the reilectance of the output mirror. Solving these

two equations for y and the intersity I, and using A = 1/(4y)+4g/Aw2,

we obtain
¢ (ch;,z-l)é'ﬁ’E (8
Y r 16g )
IL= 4 1n (R/L)(L2G2-1)L2, (9)
S

W




where we have decined « loss yarameter

L = R 2xp{-Sn%). (10)

The pulse-width parameter of Eq. 10 can be rewritter as a pulse duration

time Tp' which becomes

V/z =
Tp=8m T LE\IIn (R/L). (11)

The parameters in Eq. 11 are identical to thase used by Kuizenga and
Siegman, with the exception of the loss parameter [, which now involves
both the attenuation of the saturable absorber and the reflectance of the
mirror, and IS which is the saturation intensity of the absorber.

These results may be compared with publishsi experiments on a
TEA CO2 laser that is mode-locked via a saturalle absorber consisting
of a heated CO2 cel at a pressure higher than th: amplifier pressure.2
The assumptions here are generally consistent with these experimental
conditions. The okserved pulse lensth was 4 ns. If we introduce paramc-

ters that seem to match experimental results, we predict a pulse iength

~1.5ns, We believe that better agreement with experiment can be
obtained if we gencralize the analysis presented lere to transient mode

locking, by using an analysis analogous to Feldmen's of transient forced

mode locking.>

References

1. D. J. Kuizenga and A. E. Siegman, IEEE J. Quant, Electronics,
Vol. QE-6, No. 11, pp. 694-708, November 1970.
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APPENDIX I
Submitted tc J. Appl. P*vs,

ELECTRON DISTRIBUTIONS IN GAS LASERS

W. P. Allis* and Y. A. Yaus**

Abstract

Simplified models of collision processes are introduced
which make possible closed form znalyses of electron discri-
butions in mclecular gases. In particular, models are con-
sidered that app:oximate the collision processes in a diatomic
gas and in a gas mixture r~zsembling the He:NZ:COZ laser.
Expressions arc obtained for the rates of excitation of the
vibrational modes which include the effect of superelastic
collisions. The results are illuézfated by evaluvating the
V-I characteristic and the efficiency of an E-bean CO, laser.

Introduction

In an effort to predict the gain and lasing efficiency
of ¢uv and 002 lasers, computer studies have bee) carried out
to cutain the electron distribution and from it the pumping
ra:es in typical gas laser mixtures [1-5]. With such studies

it 1s possible to predict observed gains and efficiencies as

& Physics Department and Research Laboratory of Electronics,
M.I.T., Cambridge, Massachusestts 02139

% Elest-ical Engincering Department, and Research Laboratory
of Electronics, M.I.T., Cambridge, Massachusetts 02139

Supported in part by Joint Services Electronics Program

(Contract DAABC7-71-(-0300) ard U. S. Army Research Office-

Durham (Contract DAHCO 4-72-C-0044)
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functione of excitation and gas mixtures.
Even though such computer studies are now svallable cas
numerical predictioﬁs can be made for any specific choice of
parameters, it is still of interest to find models of :as
lasers which permit closed form solutions and mak: pcssible
easier identification of the influence of the variov.s para-
meters. Here we present a model of int:eraction of electrons
with diatomic and polyatomic molecules which permits closed
form evaluation of the ele.tron distribution. The ropulaticn
Aistributions of the molecul. s over their vibrational levels
affect the electroa distribution and vice versa. These ef--
fects are brought out clearly in the set of equations ex-
pressing the excitation rates in terms of electric field and
the molecular population distribution. The =esults obtained
for a diatomic laser are compared with computer results of
Nighan (1] and we find reasonable agreement. A two-temperature
model is developed for a mixture of CO, and nitrogen and is
applied to obtain expressions for the V-1 characteristic and

efficiency for an E-beam CO, laser.

2. The Electron Gas

Electrons. driven by a field E through a gas background
tend to majntain a spherically symmetric velocity distribution

as long as the electric field is not excessive. This is the

16
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case for the values of E/N (where N is the number density

of the gas) employed in gas laser discharges. We describe

the electron distribution by the distribution function £ (V)
where V is the vector velocity. In the usual analysis of

£ (v), one separates f£(V) into a spherically symmetric part
fo(V) (where v is the radial coordinate .n velocity apace,

ve |¥|) and a part fl(E-V\ which is the first higher order
expansion term of f£(v) j» a serie” of splierical harmonics.

The steady state Boltzrann equation leads to “wo coupled first
order differential equations in v for £, and fl. Elimination
of fl and disregard of the elastic collision losses lecads to

the following second cxder differential equation for fo(V)[l. 6]:

vier? ol |, 2
ITRI_& s

of
3E inex

41[%‘;

wheavre Vc is the frequency of momentum transfer collisions. Tr:
term on the leét hand side represents the rate of entry of
electrons into the velocity reuce v, v + dv produced by the
driving electric field. The rate of entyy of electrons is
equal to the rate of exit caused by the inelastic collisions,
the term on the right hand side of the eguation. The distri-

bution function fo(V) is normalized

USRS, R S e

2

f4n v fo(v) dv = 1 (2)

It ir convenient to use as indep:ndent variable the energy in

electron volts:




S T

2 .
u e ?%‘ (3)
Further, it is convenient to renormalize fo(u) so that
ffo(u) Judu =1,

a normalization which avroids tactors of 2r and 2e/m in the
equations. We shal) henceforth omit the subscript 0. Ncce
that

3 3/2
£u) = 21 ) £(v) -
We do not introduce a rnew symhol for f(ﬁ), with the under-
standing ~hat the variable used will identify which f is

being employed. Renormalized, ana with the change of vari-

able, Eq. (1) becomes °

w28 &2y, 22 g (4)
C

af(u).
- -/u (—-—-—-, = - 5
ot inel Sinel

where the symbol Sinel is to imply a source of electrons per
unit energy range as caused by inelastic collisions. The term
in the wavy brackets is conveniently identified with a function

-GE

. 2e (E 2 3/2 d4f ‘
-GE TR (.\7;) vc u I (5)

This function has the iaterpretation of "current" in (one

dimensional) energy space. Indeed, it obeys the one dimen-

3

sional continuity equation:

18




dGE

I " Sine: (6)

where Sinel is a source rate per unit energy. The anelogy

with a "current” can be carried quite far. The divergence

cf a current density is equal to a source of particles. 1In
the present case, the role of source is plaed by sinel
which represents the introduction of electrons per unit
energy range via the inelastic collisions. “his situatiocn
is illustrated schematically in Fig. 1. One may compare GE
tu a conduction current density J driven bv an electric field
througlt a medium of conductivity g. The "drive"” in the pre-
sent case is not E, but Ez. The quantity Analogcus to a

conductivity is

2eu?ar
Inm Ve du

This "conductivity" is, in g¢enera., positive. However, when
gé > 0, tren instabilities may ocrur in energy space, viry
much like the instability in real space associated with a nega-

tive conductance.

H Next consider inelastic collisions leading to electre: ic
excitation. Suppose that electrons excite electronic levels
of the atoms and/or molecules when they possess a sharply de-
fined energy u,- Electrons are being taken out of the energy

range u,, u,  + du and we assume that they are returned with a




smaller energy at u, = u, - Vi v is the enercy cf the
axcited transition. A source function may be defined for
this process, Sx' which gives the ra%s of entry of elec-
trons Aue to the electronic excitation process. If we fur-
tner assume that all electronic excitations take plaée at

Uy thie becomes a barrier beyond which electrons cannot go,

and £ = 0 for u 2 Uy - ' &
Sy (u) = ={v, 86 (u - u) - vy §(u -~ u, *+ V)1 (7)

Here, vy is the electronic excitation frequency and § is
the Dirac delta function.

In CO, the excitation of vibr§tional levels by the elec-
trons occurs through the formation of a nmegative lon state.
The excitation of the state recuires 1.8 electron volts of
energy. Uson excitation, tlie electrons lose an energy tru
where hwa is the vibrational energy interval, if the excita-
tion carries the molecule from the 0 state to the 1 state.
The energy loss is approximately tha if the molecule is ex-
cited from the 0 to the 2 state, etc. We shall model the
vibr;tional excitation process by assuming that all elec-
trons lose an enerqgy V, -1Twa upon an exciting collision with
a molecule, when they reach an energy u, + Va. (wvhere u, = 1.8eV
for CO); Va will be assumed small enough when evaluating the

differential equation for the distribution function, so that

the source function Sa associated with molecular excitationm,

20




S‘(u) - -[va §(u - ua) - Vg §(u -~ u, + Va)]

(8)
may be approximated by a "doublet", a derivative of a delta

funciion, (v, + =, V, + 0). Note that v, represents the net
vibrational "excitation" frequency due to both excitation
and de-excitation. Now, returning to Eq. (4) we introduce

explicitly the two source functions S, and S,.

dGyp

- G &y WG

e c du

- sx(u) + sa(u)

A first integral ¢’ the equation gives

2 e ,E 3724 _ ¥
GB - '*3- (.v:) \)c u - o1 = é (Sx‘l) + Sa(u))du
(10)
The integral of the source function is conveniently identified

with a symbol of its own

u
é Sx(u) du = -Gx(u) ‘ (11?

u
/ §,(u) du =G, (u) (12)
(o)

These G functions themselves may be identified as currents in
energy space whose divergence is responsible for the source
of electrons. Indeed, the inelastic collisions also shuttle
the electrons through energy space. A net arrival rate of
electrons per unit energy is then caused by the necative

divergence of the "currents” Ga and Gx which are produced by

21
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the inelas“ic collisions. Indeed, Egs. (11) and (12)
may also be read as
K\ de _ 2 -
' du x

dGa

T " “Sa
One may now interpret Eq. (10) as reguiring that, in the

steady state, all currents in energy space must add up to

Zero.

This is shown schematically in Fig. 2. Sinel may be thought
to be caused by 'gﬁ (Ga + Gx) which then in turn causes +gﬁGE'

It is convenient to think in terms of the functions G,
and G, rather than in terms of S, and S . The former are

shown in Fig. 3. Ga is approximated by a unit impulse (delta)

function whose area (content) may be obtained through simple

physical reasoning. The energy supplied by the electrons

18 through the collisions represented by Sa is

f‘.]

¢ u u dG, |u u

1 Jus dus [ u du= uG | - /S G, du
? b a e du alm o @

(14) ‘

Ty
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IG'du is the content ocf the delta function Ga‘

From the above we may interpret

usu a

g ————

-f Gadu as the energy v,V, lost by the electrons
o ,

Equation (13) may be rewritten as a Jifferential equation

for £ (u)

-

e &2, &

m v c = =(G, +G,) (15)

where G, + G, is a known function consisting of the rectangle
of height Vo and the delta functicn of area vaVa shown in

Figure 3. 1In order to integrate it is necessary to know

T e Sy ——

the collision frequency Vo as a function of u. For simpli-

city we shall assume it ‘to be corstant and then the integral
k is easy and yields:
f(u) = 25 g—- {l~ - f%‘ ; u_<uc<au (16)
Ve ‘Y3 /3 /hx a x
v v Vv
e2x 2 _ A 1  Vala . g cucy,
Ve g A A Vx 20 %"
where
|
t le E ., 2
Ya " ZIm () (17

c

F is the Jdrift velocity of the electrons expressed in electron
3 volts. Note that u, is proportional to the ratio (E/'N)2

_E. The normalization condition (1) when utilized gives

: Vel + vV, v 2ug ~(18)

23




This is the law of energy conservation per particle. On the

left hand side appears the rate of cnergy transfer to the
eleectronic and vibrational excitations, on the right hand
side is the power supplied by the electric field (ud « Ez).

One may combine (16) and (18) to eliminate v, and obtain

Vv.v
. X X g_ 1 _ 1. > >
£ (u) (fﬁ_&vc) v, (75 ;;E;) ;. u> o,
!udyc A yu 7ux
3 vax
+ Y] (1 - Y; v.>usu -V (19)
2u, 2u g a = %

Note that vax/Zudvd is the fraction of the power absorbed
which goes into electronic excitation and must be less than

unity. The larger this parameter, the larger f(u) in the

range u, < u < u. Figure 4 shows plots of £(u) for dif-
8 \RY
ferent values of the excitation parameter Exc = i SR
2udv

T i : :
he following values have been chosen: u, =2 ev, u, = 10 ev,

v, " ,ﬁ eV, vx = 10. The entries E/N will be explained later.

One consequence of the simplifying assuaptions is immediately
evident. The electron distribution is pinred down at u = u,
and is zero beyond. (If we had allowed for excitation levels
above U, thig would nct have happened) . Therefore our
model is limited to F/N values for which mest of the electrons
have energies less than u, anC does not give information on
electron densities at u > u . To obtain sach information,
for example, to compute ionization rates, one must do addi-

tional modeling as shown in section 9. Another interesting

consequence of the model is that the clectron energy parameter




|
as defined by Nigharn

ﬁ} % ! u3/2 f(u) du

lies between the two extremes:

lim Gi v % u,

E+0

-e ux
and lim '.lr - . o
s

In particular, in the limit of zero field the electrons
still have a finite energy. This is a consequence of
disregarding elastic losses. Hence our analysis is not
applicable to very low fields either. Fortunately, in lasex
discharges the E/N values used are such that electron energies

l1ie well between these two extremes and the approximations

which led to these limits are acceptaﬁle.

Normalization provides one relation (18) between the
unknown excitation rates Vo and Ve The detailed molecular
excitation processes considered in the next section will providlc

the second relation whicl is necessary to determine them,

3. Excitation of Diatomic Molecules

We assume that the lasing molecular species can be
described by a diatomic, harmonic oscillator model. The

"8 model gives the rate equation as a

Landau and Teller
function of the coefficients for vibrational-translational
(V-T) and for vibrational-vibrational (V-V) energy transfer

in molecular collisions. These are introduced below8:
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rpV/=T =4 -6
T TP (M + DX, - ((n+ e ©+ nlx, +ne "x )}
+zp) Y {(n+ l)(l'+a)x = [(n+ 1)a + nfl + q))
10 n+l a ntl o xn
(20)

*nax, 1} +aP {(n+ Vx4 £, =V - ((n+1)

f(uy) +n f(u, - Valx +n Elu)x ;1 - R(S 8

n, L+l n,l)

Here, X, is the fractional occupation of tie nth vibrational

level of the diatomi.c molecule- ”PV;T gives the rate of V-T
P

relaxation; 8, is related to the gas temperature T, by

v
) ==?23 -
o KT kT
(o] (o]

where hwa is the energy semaration of the vibrational levels.

ZPXBV qgives the rcte of V-V relaxation; a is a measure

of the energy in vibrational levels.

Q
O™~8

2
oOm™8

The ter:. proportional to nePa givcs the direct excitation
and de-excitation of vibrations by electron impact. The ex-
citation of the vibrational levels is known to procced via an
intermediate ionic state. The cioss-section for vibrational

excitation by electron impact shows a series of peaks above

% certain threshold energy, with increasing energy. The peaks
at higher energies correspond to excitation of the higher ‘

vibrational levels of the molecule from its ground state.

26
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Hexre we do not consider precisely such a process. Ve
allow only for vibrational excitation by the electrons in
single quantum jumps. f%his assumption lumps the entire ex-
citation cross-section at the sharply defined energy u,. This
assumption is leus severe than may appear at first. The only
result of the analysis that finally matters is the net exci-
tation rate of the different vibrational levels. The way these
rates are produced may be chosen rather arbitrarily, mathe-
matical convenience being one of the criteria for the choice.
The mathematically most convenient model is to assume that
the cross-section increases with increasing n as done in
Ea. (20).

An equation for the energy parameter o may be obtained
from (20) by a simple manipulation. We multiply each equa-
tion in the set by n and sum., When the surmmations are
evaluated, the V-V transfers disappear because they do not
change the total energy in vibrational whatever their dis-

tribution. The result is

a=Q .
da & M
It + —-Ta - va + Rm 0 (22)

where we have defined the relaxation rates

0

L. 5 co¥o®p _ o 0y, o N o 2
-T-: = '?.Plo (1 e ) H \’a nepa{ (1 + G) £ (ua)
af(u, - V)1, | (23)

and ao is defined by

27
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Equation (22) is essentially the energy conservation

equation of molecular excitation.

If we had assumed an excitation cross-section for vibra-
zicnal excitation by the electron that is independent of vi-
brational level, we would i.ave had to make the additional
assumption of a Boltzrann distribution of the vibrational
states in orcder to carry out the summation. Upon evalua*ion,

we would have found

P
v M. 22—E¥ {(1+a) £ (ua) - a f(ua-va)}

a l1+a
.
Hence Pa of the previous expression is replaced by ;:— "
' a

Equation (22) then incorporates everything we need to know
about the effect of the electrons and the laser field upon
the vibrational system. We have introduced, in the above,

two vibrational excitation rates, Va and vaM. The number of

electron collisions per unit volume is

M 3
Vale = vy Ny 13
which nust be equal to the number of exciting collisions ‘ H
:
veM of the moleculir species of density N, . |
n n_v
M e N e "a
v = (5-)v, = — =— (24)
a N N, a N Cy _ 1
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where CL e M/N is the mole fraction. Now v, itself depends
upon the operating conditions. This dependence is discussed
below. '

From (22) it is clear that the rate of energy supply to

the lasing gas by the electrons is

M
NMvava &= nevava - Va Ne pa NM ta +a)f(ua)

= af(ua ® Va)} (25)
Now, from Eq. (16) we obtain f(ua) and f(ua =~ V,) for given

v,V Introducing this into Eq. (25) and solving for v, results

in

<

Vx/2ud
1+Eaalvx/2u8 r,

\Y

X

a

where

and

E& = ;—-‘-1—3—72— (27)

The model with excitation cross-sections independent
of vibrational level would have resulted in a similar ex-

pression, with £a replaced by Ea/(1+a).
Compbining the normalization (18) with (26), one finds expressions

vc2ud Zud + £ ran

\)x = il
Ve 2uq + gV, 4 r V) (28)

k.

v, =y 2u -
a c“d (29)
2uy + BV, +ar V) _
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Some interesting features may be noted in expressions

(28) and (29). For a very large u, (or E/N), and a = 0,

b A approaches Eavc. Thus Ea expresses the rate of vibra-
tional excitation at high fields in terms of the elastic
collisions when all molecules are in the ground vibrational

gstate.

Next, v note that v, and Vg approach zero wnen E/N + 0
(ud + 0). This is clearly as it must be. From thir fact
one may obtain a check on (28) and (29). Note that vy * ui
and Vg = Ugs when a = 0 and ug * 0. Because of the nor-

malization (18), we find

<

2u

o

a

°

c a .

which checks (29) for a = 0 and ug * 0.

It is further of interest %o note that Va decreases
with increasing a, for fixed driving field fixea Uge This
is easily understood from the fact that superelastic collisions
come into play when a # 0. These collisiors impart energy to
the electrons at the expense of the vibrational mode thus
decreasing the net rate of energy supply by the electroms,
vaVa.

Vs OR the other hand, is enhanced hy increasing a,
particularly at low values of Uq: VWhen ug is low, f(u)
has a larger discontinuity at u = u, than when Ug is high,
An increase in o decreases the discontinuity and "lets more
electvon through to the energy U, at which electronic

excita’ions occur, hence increasing the rate V.
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4. Comparison with Nighan's Results

Nighan1 has presented detailei <eroutations for the
electron distribution in CO. We want to study how the
analysis presented here meshes with Nighan's results. In
order to make approximations equivalent to his, w2 assume
that all molecules are in the ground state, a = 0. From

(28) and (29), we obtain:

d
Vx c ¥ (30)
a
1+, 2uy '
[
1 i
V.= £ vy
a a’c y, - &
1+,a ’33

The excitation rate at large E/N (o uy) is €V Nighan's
a e v

Fig., 12 gives

= 3x 108 N, = £V

il e

We may use this one result to find all other dependencies.

K4

o))

0
it B S S it T o T TR

Thus, for example, the fractional power transfers

Va'a Vi Va'a
s (=1 = =23 (31
Vv v, @and go—3go— (=1 Vv
Vx'x"Va’a Yk 'x"Va’a V% x"Va"a

behave qualitatively like those shown in Fig. 8 of Nighanl for )

pure CO. The two are equal at a valuc of uy aiven bv

2u

da - Eava




Introducing the definition ¢~ uy one has for the field at

which the two curves cross

E.V P
B, fn Ve fa¥ (32)
(ﬁ)cross e N T Va

We use vc/N = 3,2 x 10-7 (the cross section for elastic

collisions in 70 peaks at Pc = 120 at an electron enerqgy
1,7 eV according to reference 9, and hence Ey ™ 3/32, The
collision frequency is vc/N = v Pcp/N, where p is the pres-

7

sure in torr. A peak collision rate of 3.2 x 10~ results.)

Further Va = ,2 volts. Thus,

(E) - =15 2
N cio8h 1.06 x 10 volt cm

which compares well with Nighan's results. Fiqure 5 shows
the plot of the fractional power transfer to moleculiir excita-
tion and Nighan's curve for comparison. The agreement is
reasonable; the E/N values are off by about 20% and the effi-
ciency does not decrease as fast in the simplified model.
This latter effect may be understood on the basis of the fact
that the simplified model possesses a "sink" in energy
space at u = u, and hence forces the electron distribution
to remain at lower energies.

Next consider the plot of veff/Nj of Nighan's Fig. 12

and the plot of va/CMN obtained from the simplified model.
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Figqure 6 shows such a comparison. Again we find qualitative
agreement. The energy range of the electrons is restricted
to 2“a/5 <u < ux/S, which accounts for the sharper dropoff
of voee/N at low energy level: and the termination of the

curve at ua/S as obtained from the simplified mcdel.

5. Electron Distribution and Pumping_in a CO, Laser Model

In sections 2 and 3 the electron distribution in a
diatomic gas laser was obteained and its interaction with
the population distribution of the lasing species was
determined. 1In the CO, laser, the lower laser level per-

tains to a different vibrational mode. In order to

= i

analyze laser operation ~ll modes of vibration have to
be taken into account separately. 1In this section we
extend the analysis in this way.

The model we adopt here for mathematical simrlicity is
one in which the molecular gas is represented by two tempera-
tures. For this purpose we consider the nitrogen vibrational
levels tightly coupled to the asymmetric stretching mode of
CO2 and treat the two vibrational systems as one. In a simi-
lar way, we assume that the symmetric stretching mode of 202

* is tightly coupled to the bending mode and that both of these
are describable by a single vibrational temperature. We fur-
ther assume that the nitrogen vibrational mode and the asym-

metric stretching mode of Co2 are excited via an intermediate

jonic state so that excitation occurs when the electrons have
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reached a critical energy u_ (=2eV); in excitation they

a

are assumed to lose a portion Va of this energy. The ex-
citation of the combined symmetric stretching mode and
bending mode is assumed to cccur by low energy electrons
of energy v, which upon excitation lose an energy vy -
When these simplifying assumptions are made, closed form

expressions can ke derived for all physical quantities of

" T e S e N W R R S — "

interest.
The distribution function of the electrons, f(u),

again obeys Eq. (15). We supplement the G function re-

i

g+

presenting the effect of inelastic collisions by the con-

tribution of the combined bending symmetric stretching mode

e Yo T

excitation characterized by an excitation frequency Ve

The new G function on the right hand side of (15) is shown

in Fig. 7. In addition to supplementing Gx + Ga by a
rectangular function Gb representing the bending mode colli-
sions, we return the electrons which excite electronic levels

at u;, not at u =0,

e ,E 2
m G2

u3/2 4f w—(G G, + Gp) (33)
o]

2
3 c
Here v, is the frequency of electronic excitations assumed

to occur when the electrons reach energy u;; Va is the exci-
tation frequency of the intermediate ionic state of N, which
then leads to an excitation of the combined nitrogen vibra-

tional levels and asymmetric stretching mode; Yy, is the
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frequency of excitation of the combined bending and symmetric
stretching modes which occurs when the electrons reach :

energy u;. See Figure 7 for the G-function. Introducing
again the definition for drift energy uy,(17), the closed

form solution for the distribution function is

l
|
!
- —) = fl(u); u, << u, 1

v 3 1 1
f(u) = . (7: T *
Vc 2ud u ux
Va 3 Va < .
f(u) = fl(u) + ;—-Zu = 373 fz(u). u u < u,
c d
| = + o
| f(u) = fz(ux)E f3(u); Uy < u<ou
! vy 3 1 1 _ "
= —— — (s ™ ——) = . <
f(u) f3 (U) + v 24 (fa. P f4 (U) H ub < u ub
c d ub
f(u) = f4(ub); 0 ¢ u < v, (34)

If one introduces the normalization condition g

(]
[/ f(u)/u du =1
0
one obtains a relationship among the different excitation

frequencies

35
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{ VyVy + VaVa + VpVy = Ve Zud (35)
|1 V = + - =
| ] where Vs u, u,
and V wut -y
b" Y% b

Equation (35) is a form of the energy conservation law. On
the left hand side appears the rate of energy transfer by
the electrons to electronic excitations and vibrational mode
excitations and on the right hand side is the rate of energy
supply by the electric field to the electrons. Equation (35)
- is one equation for the three unknowns, Vyer Var Vy for a
given electric field E. In order to find more relationships

3 ' one has to study the molecular excitation in greater detail.

6. The Molecular Excitation of the COZ'NZ Model

We assume that the distribution of Co2 over the asymmetric
stretching mode (and the nitrogen vibrational distribution),
the symmetric stretching mode, and the bending mode are all
described in terms of vibrational temperatures, We introduce

convenient energy parameters by

36
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e eVb eV

a = exp(- —2) b = exp(- —) s = exp(- ——5)
kT, kT, kTg (36)

where vi is the energy spacing of the harmonic oscillator
mcde i, i = a, b, 8.
The energy parameter for the symmetric stretching mode,

8, is equal to the square of that of the bending mode, s = bz,

e e Ty R S— vl e . i 3 s gt i Lo i

because the assumption is made that the spacing of the enerqgy
levels of the symmetric stretching mode is twice that of the
bending mode and that the temperatures of the two modes are
the same. It is helpful to introduce additional energy para-

meters by the definition

B -

[« g
e TP 1w (33}

m
n

The energy U in a particular mode is given directly in terms

of the Greek letters, e.g, U_ = ava The energy conserva-

a

tion relation for the asymmetric stretching mode can be

written particularly conveniently in the form
nv, = NCy, (32 + i:_ag- +§£". R) (38)

. MN

Here T is a phenomenological relaxation time for the asymmetric

stretching mode; R is the rate at which vibrational quanta are

lost from the system via radiative transitions; ng is the ¢lectron

density; N is the particle density; C, the mole fraction of
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nitrogen and CO2 because o describes the combined erergy of
the asymmetric stretching mode and the nitrogen vibrational
mode. In order to write an energy conservation relation

for the symmetric stretching mode and the bending mode it

is necessary to take note of the degeneracy of the bending
mode. The m-th level of the bending mode hzs the degeneracy
m+l. Under these conditions the energy in the bending mode
is 2Bhw,. The energy in the symmetric stretching mode is
ohms = 2 v, . The energy conservation relation for the com-

bined symmetric stretching mode and bending mode is

d 0 -0, (8 - 8)) ;
n_v, = 2NC,, {— (0 + B) + —— + - R} (39) i
e’b = dt - T T i
s b §
Here we have introduced the two phenomenological relaxation "

times Tg and 1, for the stretching and bending modes respec-
tively, Cy is the mole fraction of CO,. The arrival of
quanta via radiative transitions is contained in R. Equations

(38) and (39), using the fact that o is related to 8 by

T = g (40)

s o B e e
4

provide two relations for the two unknowns a and B in terns

of vy and Vy . Now, the excitation rates themselves depend on

the molecular excitation. One of these devendencies can be
taken directly from (26) . Indeed, the nature of the excitations

and de-excitations at energies lower than u, does not affect




the solution for the distribution function £(u) in the
range u > ua:and hence all relations derived from this
part of the distribution function remain valid. We have

from Eq. (26) ]

vx
va - . !ud
e Ea 1 ‘_’
\Y ¥ A g
i 14530 Zu; ‘a

Now, consider the de-excitation of the (m+l)th level
to the m~-th level of the bending mode by an electron collision
as the result of which the m-th level's population is increased.
Assuming that the collision cross-section is Qéo(v), one

has, for the rate of excitation of the fractional population

DD e s e

x. per degenerate mode, xm/qm (gm jis the degeneracy) by entry

of particles from the level m+l,

¥m+1

(m+1) 50 fan n_ vo®(v) £(v) av.

e e T R S

The factor (m+l) arises from the fact that we assume inter-

action of the-electron with the molecule via a dipole ::

moment of the molecule. Perturbation analysis shows that

the cross-section for the m+l + m transition is proportional j
1 to m+l. The rate is further proportional tc the fractional

population per degenerate energy level of tke (m+l)-th level.

The term voio(v)ne is the collision freauency for al + 0 f

transition. This expression is conveniently written in terms | |




of the distribution “vwnction f£(u)

xm+l

n_(n+l)
. m+l

/ £(u) Rlo(u) du

where R1o(“’ is /Evoéo(v) as a function of u.

In this format it is casy to take account of the Klein~
Rossland relatjon (detailed balance) which states that the rate
of up-transitions from the m~th level to the (m+1) ~th level
1s related to the rate of down transitions in that the £ (u)
of (42) .aas to be replaced by f(u + Vb) where Vb is the energy

loss in an exciting collision. Taking these relations into

account, one has

[ £(u) Rig(u) au  (43)
0 o

xm+1
m+l

d xm

(a{ 3;)
xm ®

T lUmi) f f(u s vy) Ryp(u) du + m f ) Ryq(u) du)
g
m 0 0

electrons ne{(m+1)

X
m=-1
m 51 / £(u + vb) Rlo(u) du}
0

If one assumes that the V-V coupling is so strong that thermal

equilibrium is established irn the bending mode, then one may

set

X, = (m+ 1) (1=~ b2 "




and one may obtain the rate of energy transfer from the
electrons to the vibrational mode by multiplying both sides

of (43) by g, 3nd adding over all m. The result may be
identified with the rate of en2rgy supply per molecule, i.e. with

Vbne vb/N CM‘ One has, after carrying out the summation:

nwyv o
e'b 1+b
0
- b [ £(u) Ryg(u) dul (45)
0

"As a simplifying assumption one assumes that Rlo(u) is a

unit impulse (delta) function at u,~ (compare Figure 5).

Rjg(w) =R &(u - u.")

Now, we may introduce the expressions for f(u) and obtain

for the integrals

J £(u + vb) Rlo(u) du

= R Yy~ Ve a e
2u V'[—;(l--—x—) T?u_a.va ) (46)

Here we have introduced for convenience the normalized velocities
Vb-' vx+,etc. vhich are eaual tp the square roots of the respective

energies. The otuer integral giving the superelastic collisiocn

rate is:

4]
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; £(u) Ry (u) du =R e e [25 (1 - T
10 “Ug¥yx~ Ve ve™
. = (47)
Va Va Vx Vp Vx v::-
¥ v Tua V_ + — (= - 5]
Ve ‘¥, Ta V¢ b b

One interesting fact emerges from the a.ove relations. The

- v C
superelastic collision rate contains the factor zz: - ;53
b Ab

in the square hrackets that can be made much larger than urity

if Vb Vb V¢~ »>» 1. This is the case when the electrons
Vv, + V, -

experiencing 2 yvibrational collision are returned at energies
(; much sma%}er.phan those experiencing an electronic collision,
Y oY
' and if bv +b is not much less than unity,i.e. the "rectangle"
| b '

representing G is wider than the distance of its left hand
edge from the origin when plotted against vu. i

Introducing these expressions into (45) one has for v, |

2 (v +v. xr_ )V

! x a‘ax’ X
: v = £ (1 - bT) - — (48)
b b (1 b)2“d+(l+b)b’b?bxvx
where we have defined the parameters
|
- GNCM V; -V; '
X X ;
+ - * o e + |
’ = Va vx Vg . Vb Vb Vx Vx
ax { ) = ¥ o (49)
EETE 4 bx Y e 0 v
. 2ua va(./x vx) Vi, Y X X ;

The meaninag of Eb nay be gleaned from some simple obser-

vations. Note that (29) shows that in the limit of large fields

(ud + ®») and zero vibrational excitation (a = 0),va = £ V¢
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Now, in the limit of large fields, in the absence of vibra-

tional excitation (¢ = 0, b = 0), (48) shows that

vb|ud'”. = vcgb (50)

The meaning of £ is therefore analogous to that of Ea; it
[ expresses the ratio vb/vc at high fields, in the absence of

vibrational excitation. Egquations (26), (35), and (48) give

[ three relations for the three unknowns v p, and v . For

convenience we repeat them below ir modified form

vax + Vava + vab = Zudv

c
2Ud L)
'Eavx + [;—- + Eaara]va = 0 (51)
= 2u; 1 b
~Ev. =~ Er V. + [ e+, ——1r Jw =0
b"x b ax"a v, 1+b b 1-p PX b
where
+ 4+ -
Vx Va " Va 'a
Y. ¥ - + _ - *
\ . > Va Vx Vi q

A certain systematic variation may be observed ia equations (51).
The diagonal coefficients contain ¢ and b as "fesdback", in-
creasing the multipiiers, and hence decrecasino the corresponding

. rates, as the vibrational populations increase. The effects on
the stretching mode and bending mode are differe:xt, because dif-
ferent degeneracies have been assumed for the twe. The "feed-
back” is smaller the larager EEQ

!ﬁ y  i.e., the larger the
' X

43
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electric field. Solving for Vger V

5 and v, one fin@s

2ug Ve . 1 +¢ Va +E b 1 + Ehraxvx]
e Vx a Ty, * °b Tug, Usa
2uy Ve _ 1+ 2u3, + EE Vb Yaa b o Yy Vx
T2 Va EaVa 4 Va® b ax V| Zug,
2u, v 2u
c db ;
T gl 4+ 2 + v 152
": b Ebvb[ihda+garaxvx] ( Yda §a a) =Y

where Zuda z 2ud + garVy
(53)
z 1 b
and 2ug), = 2u4(y3p) * &p TF Tbx'x

As 2udvc represents the power absorbed per electron these
ratios are reciprocals of the partition of power between
electronic, asymmetric mode and bending mcde excitations.

No other power loss has been included in the theory.

It is worth studying some properties of the rates in
the limits of large and small E-field. Ccnsider first the

limit of large E, uy + = and similar.y ug ++ Uy *

1im — + — ——
E+e Vb Eb U4

when the levels are unpopulated, Ugp = Y4 and we find that
lim vy = Vi b=20 (54)
E+w®

which checks with Ea{50). Vhen the occupation of the

levels is nonzero, Uy < Uy and hence
44
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the rate Vp is larger than the Vp, for b = 0, This is tle
consequence of the fact that the average crocs section

increases with increasing vibrational tenperature.”'Even B
though the superelastic collision rate goes up also

large-field limit the inelastic collision contribuvtion dominates.

Consider next Va in the same limit

1i XS) 1 ;393 |
m(v -+
E+e 2 Fy 2uy

When the levels are unpopulated, Uga = uy and

Lin v, =+ £, Vo (55)

analogous to {54), When the levels are populated, Uga > Y4
and the rate V, goes down. Since we have assumed that the
levels associated with V4 are nondegenerate, the collision
cross section does not increase as rapidly as that of the
bending mode, and superelastic collisions are relatively more
important. They are responsible for the decrease of Va with
increasing a.

Finally, the limit for Ver is simply

2ud

pee %" T Ve
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Next consider the limits of the same rates as E + u, + 0.
Here, one has to decide on the 1imiting behavior of Uga and
Ugp a5 ug * 0. This behavior follows from the recognition,
confirmed by the evaluation to follow, that v, is propor-
tional to udz, whereas Yb is proportional to ug. Therefore,
a, which is proportional to v, is proportional to ud2 and,

therefore, Uja * Y4 as uy * 0. Using this fact, one finds

21
lim v, = —4a,

E+0 Vb ¢

4u., u

E+0 ? Ebravavx

Tim v Buy Uy, Yap

Es0 *  £.E ngzfr

ax
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7. The V-1 Characteristic_for an E-Bear Lasertlo' 11, 12]
In this section we shall apply the previously developed
formalism to an E-beam laser. Because certain approximations
[ have already been made in obtaining Eqs. (52), the present
T analysis will apply only to the quasi-CW overation of the

laser in which the two temperature description of the vibra-

; tional modes is adequate. Clearly, an extension of the ana-
| 1y8is presented here could cover the five temperature model
| with attendant complications. Also, we have damped the

|

gas temperature to room temperature.

The electron density in an E-beam laser is prespecified
by the E-beam excitation. This makes the determination of
the V-I characteristic’ particularly easy.

From power conservation one has

EJ=e¢eg ng (vax + Vv, + vab) '(56)

which serves to evaluate J in terms of the rates determineg

earlier, We introduce the normalization condition (35)

and obtain

2u.v_en
. d'c e
1 O B sl =
57
v (57)
2
Now, n, is prespecified, u, « E . Therefcre, the relation
between J and E is a linear relation with ¢ given by
ezn
o= -
mv,
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regard.ess whether lasing occurs or not. This fact is rather

racteristics of the sustainer

important. We conclude that the V-I cha

voltage electrodes would remain unchanged in the presence oOr

absence of lasing. What happens is, that for a given power

input per unit volume all the lasing does is to redistribute

the flow of energy among the levels, changes v, , V, and Vi,

changes the electron distribution, but does not affect the

conductivity of the medium.
The normalization condition would contain one additional

elastic-collision loss term. The J-E relation, however, would

still be linear and have the same form as (54) .
We may ask what assumption ‘n the above model led to

the result of a o indepquent of laser action. In general

the conductivity is given by

2 neez o u3/2 2 neez o u3/2
¢ === f af = - f £4
M £l Ve 3 m v,

go that the above formula results for a constant v, whatever
the distribution f(u). Lasing, or any other energy loss,
usually decreases the mean energy of the distribution. As
vc(u) is generally an increasing function of u, lasing may
be expected to increase the conductivity and the plasma may

take more power from a constant voltage source.
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fa 8. gain and Efficienc! of an E-Beam Laser

The operation of an E-beam laser {10, 12] is modelled

by Eqs. (52) which give the excitation rates Vy,» v, and Vy

a
in terms of ghe sustainer field E and the temperatures of

the vibrational modes. The conservation equations for the
molecular systems(38) anc¢ (39) give the vibrational temperature fac-
tors a,b in terms of Vpr Va and R -- the rate of lasing
transitions. The gain constant Gg of the P(J)~-transition

of the laser is obtained from

z3 2B
ag = = 2 (23 - 1) o {Noo1 exp(-BJ(J 1)/kT°]

o

= Njgo exPI-BI(T + 1)/¥T ]}

where A is weakly J-dependent. Stacz et al. [12] have
computed A = .23 sec™l, Until now we did not need to
make any assumption about the distribution of the mole-
cules over the vibrational states. The equations in-
volved energy supplied or taken out of the vibrational
modes and gave full information concerning these enerqgy
rates. In order to evaluate the laser population inver-
sion, it is necessarr to make the assumption that the
molecules are distribut~d over their vibrational states

according to the Boltzmann distributions. Then, N001’

the population of the quantum state 001, has the probhability
(1-a(-b%a1-sa
The probability of the 100 state is ‘

(1 -a)(l - b)2(1 - s)s

g = b2, and thus,




Noor N cy (1~ a) (1 - »2(1 - b a
and
2 2,2
Njgo * ¥ Cy (1 - a)(1 - B)2(1 - b2)p

We may thus compute the gain as a function of the electric field
and R. We show the result in Fig. 8 for no laser radiation,
R = 0, The values of the physical parameters used to ob-

tain the gain are displayed in Table I. The efficiency is

N CM h“"g R

n =
n_e(vab + vaV‘B + vax)
The plot of n vs E/N is also shown in Figure 9 for different
values of percent ionization (ne/ N Cy) for the case when
R is such as to halve the gain, and also when R is so
large as to have reduced the gain to zero,

Figure 10 shows the rates Vhe Vg and v, as functions of

O

E/N, for varying percent ionizations, for the three values

of R R = 0, R such that a, is reduced to half its R = 0
value, R at @y = 0. We note from Figures 10 that the v's

are xoughly independent of the percent ionization and the
rates of excitation per unit volume are proportional to ng -
The rates "droop" at the lower values of E/N with increasing
laser excitation, the droop being the less the larger the
percent ionization, This may be understood from the fact that
the "loading" of the electron distribution by the molecular

pumping and lasing is the less severe the higher the percent

ionization.
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The present formalism can be extended to study laser
action in self-sustained discharges. The rate of ioniza-
tion Vi is related to the rate of electronic excitation
-Bp/E

Vi = KVe (58)

where B is now one of the Stoletow constants, and p is the

pressuré. The ionization freq&%ncy itself is determined

by diffusion and recombination losses:

Vi = @n_+ D/I\2 (59)

where D is the diffusion constant a, is the recombination
coefficient and A is a parameter proportional to the dis-
charge tube radius [12]). The other pertinent equaticns are

Egs. (52) for Vp» V, and v, and Egs. (38) and (39) in-

volving a and 8.

FPor a given E/N, laser radiation (R), gas temperature

(ag, Bg), and tube geometry, Eqs. (52), (38) and (39) give

the five unknowns a, 8, Ve V

Eo.
a’ and Vo in terms of ng. )

(58) gives vy: then n, can be det :rmined from (59). If the

e
system is diffusion dominated(arne << D/Az) then Eq. (59)

51




serves to determine the tube radius R in terms of the elec-

tric field (i.e. in this limit the E field is a unique

function of R and D). If we want to determine the current,

We need an additional equation for J which is provided by
(7).

1o, 'Conclusiogg

The purpose of this paper was to obtain equations for
the pumping of molecular systems by electrorns in a discharge,
and to do this self-consistently so as to take the reaction

of the molecular distribution upon the electron distribution

into account.

It was found that the normalization condition, which
is the power conservation relation for the electrons driven
by the electric field, gave one relation between the mole-
cular excitation rate(s) and the electronic excitation rate.
The necessary additional relations €or the molecular exci-
tation rates were obtained by a detailed study of the in-
elastic and superelastic collision processes. In this way
relations were obtained for the rates in terms of the vibra-
tional population distributions (molecular temperatures).
Taese in turn must satisfy the energy conservation relations
for the molecular pumping and relaxation processes. In this
way as many equations as unknowns are obtained for the

analysis of a discharge with prespecified ionizatinn, such

as in the E-beam laser.
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The E-beam laser provides a simple application for
the formalism. The results obtained from the present analysis
are eminently reasonable. They predict the behavior of a
CO2 E-beam laser qualitatively and =ven semi-quantitatively.
It 1s hoped that the formalism develcped here is simple
enough so that it will lend itself to the analysis of prob-
lems involving spatial boundary conditions, flow, diffusion,

— i et s i I b, ] sy i B e e, g g

situations for which a simplified pumping analysis is neces-
sary in order to reduce the analytical ‘ask to manageable

proportions.
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+
ux = 10 eV V& = 9 eV

Va = 0.289 eV Vh = .25 Va

u; = 0,077 eV

V/N = 0.47 x 1077 sec”?! em3 (13)

£a = 0.076 (1) £, = 0.107 (1]

1

1/t_ = 380 sec” (14)

1

1/t = 16,000 sec” (14)*

B/kT° = 0.0019
1/n T, = 4,74 MHz/torr [15)
hu, = 0.12 eV

He:cozzNz = 6,6:1: .43

The two relaxation rates of the symmetric stretching
mode and the bending mode, have been replaced by a
single rate l/rb, the value of which is equated to the
rate of relaxation of the symmetric stretching mode.
Since o = 82, this corresponds to a linearization of

Ea. (39).
56




vy

T AT S e ew—

Pigure

FPigure

Piqure

Figure

Figure

Figure

Pigure

Figure

Figure

Figure

10

Pigure Captions
Role of Sinel as source of elcctrons in energy
space

The negative divergence of G, + Gx balances the

(positive) divergence of G
The currents Gx and Ga

The distribution function for punping of

an jdealized diatomic gas

Nighan's plot of efficiency of molecuiz~ excita-

tion compareG with present results

Comparison of Nighan's Vet with Va of the

present analysis

The current in energy space, G for two mole-

cular excitation cross-sections

The small signal gain of E-beam laser with
percent ionization as parameter (the gas tempe.a-

ture is assumed to be room temperature)

Efficiency n vs E/N with percent ionization

as parameter

The rates of excitaticn, Vit Var and Ve







¢ {anbtyg

( o+031m31 9 +°9)




T & — T - -

€ 92anbtg




—— =
L4

f(u) —=[ev] ¥?

10 —

o,

% =1.5X10 >, EXC=0.0763
=10, EXC=0.0589

E
'
¢ E=5x%10'¢, Exc=0.0264

=8 X |O-|6,
EXC=0.0478

\'\ | XBREXC=00114

"E':lo-'ei | : \
N \

\<\EXC=0.00I4I ? )
| | l ﬁ'\ ,

u [eV] Fiqure 4
61




(Trrrr

JANND S,NVHOIN




_
<
o

..T
o
"y

[
T.____u Tuiuu & aNv zu_____

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
U, [ev]

0.4

Figure 6

63

=
h i et R







PR S0

w?
[JWIA] o O1XN/3

g auandig

74 e

I T e——

o] 9
ey rr 111 1 1 17 T 17T T
. |
n
_
il
T.
.
\ _
! |
l!" T
- |
!
Nx . O1="u P !
G- ~~ T
| [
|
\ H
~ I
|
_8 ~ '
Nx, 1= | ~
1/ |
\ I '
i / 17
Jr./ |
N\ \ J
% I
N ! I
. A !
N\ | —
]
\ »..._
— ’. —
ZX@:O_n-: T —— _—) I....\\ ,./lu\
: Al

00200
00v00
R
(Te]
o
w.
00900 <«
00800
00010




0.350
\v 0.300
0.250

0200

EFFICIENCY

L 0.150

0.100

. ......—.u..-n-.—lvh.:_nn—

L0.050

0.000

|

4 ———--
-~ ‘-#’_’)
- —
_agnm=
==

I"""—'--..’-I..-_l___L__
==

--— GA!NTO ZERO
GAIN TO ZERO
—-— GAINTOHALF
GAIN TO HALF

Figure 9

S

§ 6
E/NX10° [Vem?]




KT N T

vQOT 9anbrg
[QWo A] 4,01 XN/ 3

0l 8 9 1% [ 0]

NIVO 0ON3Z
NIVO 47VH ¥
IYNOIS TIVIAS ¥
NIV ow3z %

NIVO 41vH W
qvN9IS TIviws Y

NIVO 0¥3Z %
NIVO 47VH %
JUN9IS TIvWS %

th.o_ =

6'8°¢

O'L-

[,_Ol’ xl}] boy

o1-




- -

TR S Y T —— e O R

qoT 2xnbTd HNEU >_
Ol 8

m:o_ X N/3

T 1T 7 T T 717

NIVO 043Z " 6
NIVO 4TVH *2 8
IYNOIS T1IVYANS *a2 2

NIvO o832z Y o
NIVO 47VH 2 ¢
IYNOIS TIVAS W1 ¢

NIVD o¥3Z ™ ¢
NIVO 5TVH
IWNOIS TIYWS % |

@
N xw-o_ ="U

0'8-

O'L-

09-

oGc-

O'I-

68




