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SUMMARY

The purpose of this program is to develop an understanding of the
molecular kinetics pertinent to new high efficiency, high power lasers.,
We are studying high pressure gases that are initially excited by intense
bursts of electrons, This initial pumping energy, which is primarily
deposited by creating atomic ions, rapidly collects in the lowest molecular
excited state with an overall effliciency for the rare gases near 50%,

Rare gas dinmers for which the ground leve! is repulsive, in
particular Xe_, Kr_, and Ar_, have already demonstrated laser action but
with disappointing efficiencics, This problem, coupled with the relatively
high gain (implying low energy storage capacity) and with vacuum ultra-
violet wavelengths, has led us to consider ways of transferring the
energy deposited in the rare gas to other gas molecules in order to
improve total efficiency, shift the wavelength to the near ultraviolet
or visible, and improve the cnergy storage capacity.

In this report we describe studies of energy transfer in an
Ar + N2 + NC gas mixture, This combination was chosen because many of
the reactions have been quantitatively studied and because the nitrogen
triplet system of excited states offers good laser candidates as well
as a very long-lived metastable state with excellent energy storage
potential,

The important results in summary are:

1. Energy f{rom a high energy eclectron beam can be efficiently
transferred into excited states of the rare gases and then transferred

to specific excited states of other gases.,
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2, Three triplet excited states of N2 [NZ(C), NZ(B)’ and Nz(A)],
the sources of second positive, first positive, and Vegard-Kaplan
radiations, are all good laser candidates with potential efficiencies
between 1 and 10%,

3. Kinetic modeling, coupled with experiments to determine excited
state populations and reaction rate coefficients, can lead to the dis-
covery of new laser systems and guide their development,

Measurements were made of the density of the excited N2 states and
their temporal behavior following excitation of the argon, N2(C) and
NZ(B) were monitored by their radiation but the N2(A) density was deter-
mined by adding NO as a tracer. These measurements allowed us to
determine a number of reaction rate coefficients which could be combined
with others obtained from the literature to construct a kinetic model.

The kinetic model computer program included some 32 reactions and had a
self-determining time step which reduced the computing time significantly.
The results of the model and of the experiments agreed over a wide range
of experimental parameters,

The model was used to find optimum conditions of each potential
laser state and to predict the expected efficiencies. For the N2(C) state,
the prediction of laser action, efficiency and operating parameters have

been confirmed by subsequent work at other laboratories.
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BACKGROUND

A considerable effort has been devoted recently to the development
of high enecrgy vacuum ultraviolet lasers by pumping high pressure rarc
gases with clectron beams, = Efficiencies for the conversion of electrical
cnergy into excited clectronic states of the rare gases may be as high as
50%, At high pressures this stored energy can be extracted as vuv radiation
from the excited rare gas dimers (excimers); moreover, for sufficiently
rapid and intensc cnergy deposition, lasing action has been shown to occur
on the excimer transitions, Unfortunately, experimental results and more
detailed models,7’8 have indicated that photoionization of the excimers
and other processes limit the laser efficiency to about 1%, far less than
the ecarlier expectations of high lascr efficiencies that werc based on
the repulsive nature of the rare gas ground state potentials. In any
event, the detailed modcls7’8 and the cxpcriments9 clecarly indicate that
the excimer levels can be efficiently populated by e-beam pumping under
the proper conditions,

We arc sceking ways to make usc of the efficient and specific cnergy
available in the rare gas excited states to produce laser action in the
visible or near uv range. Perhaps the most straightforward approach is
to collisionally transfer the excitation directly to another radiating
system, atom, or molecule and achieve laser action in these systems, For
this approach to be ideal, the transfer rate should be rapid and specific,
populating only one or two excited states of the acceptor. These states
should he somewhat metastable against radiation and strongly resistant to
quenching, and of course the lower level should be unoccupied and strongly
quenched by cither radiation or collision, We report here observations

on clectron beam pumped argon, with nitrogen as the main transfer acceptor.
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NO was added as a monitor for the metastable Nz(Asgu+) state, and its
properties as a secondary acceptor were determined,

Previous work )11 on energy transfer from metastable argon
[Ar( P ), Ar( P )1 to N2 has indicated that the triplet states N (C n ; )
and N (B n ) are the principal products, while the lowest triplet N (A Z )
results from subsequent cascade, The pertinent energy levels are shown
in Figure 1, Our understanding of the energy flow in e-beam excited pure
argon indicates that the path to excimer formation leads through the four
low-1lying atomic states [Ar(SPZ),Ar(spl), Ar(SPO), Ar(lpl)]. We expect
excitation transfer to occur from these kinetically short-lived atomic
states as well as from the excimer levels themselves (as illustrated in
Figure 2),

We have monitored the density and time behavior of each of these N
states following excitation of the argon by a short, intense pulse of
electrons, By varying the argon and nitrogen pressures, we have been
able to identify the important reactions and quenching mechanisms, and
in several cases we have measured the reaction rate coefficients. Using
rate equations for the important species, we have constructed a kinetic
model that agrees well with the observed behavior of the excited states,
This agreement between model and data over a wide range of pressures and
concentrations then allows us to predict potential efficiencies of the
various transitions as laser candidates and to suggest the conditions
necessary for achieving these efficiencies, The predictions are summarized
in Table I,

After our preliminary report of these studies was submitted,12 Searles
and Hart13 and Ault et al.14 found lasing action on the N2 second positive

system in e-beam pumpzd Ar/N mixtures, Their measured efficiencies range

2
from 0,2 to 0,4%,
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Table I

POTENTIAL LASER EFFICIENCIES

Lower State Band Systen Efficiency
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APPARATUS AND EXPERIMENTAL PROCEDURE

A schematic diagram oi our experimental apparatus is presented in
Figure 3., The optical emissions, resulting from the pulsed electron
excitation of a gas mixture under high pressure, are viewed by a spectrom-

eter, displayed on an oscilloscope and photographed,

The stainless steel cell used in these mix2d-gas studies has a central

body containing a cavity 2.5 cm in diameter by 7.5 cm long and sidearms
1.2 cm in diameter by 7,5 cm long, The cell is designed to operate with
sample gas pressures between 200 and 10,000 torr (approximately 0.25 to
15 atmospheres). The 1-mil Inconel foil window through which the electron
beam enters is tangent to the 1,2-cm aperture of the sidearms to allow
viewing along the foil., Windows made of MgF2 (which are sealed to the
sidearms using Teflon gaskets), coupled with the vacuum uv spectrometer,
permit observation of spectral emissions from 1300 ﬁ to the infrared.

A Febetron 706 (Hewlett Packard) provides a 2- to 3-nsec, 6000-amp
pulse of 600-keV electrons, which passes through about 3 cm of air and
then enters the experimental cell through the foi. described above, Even
after thousands of shots, foil failure has not been a difficulty. Rapid
charging snd firing (up to 5 shots per minute) was made possible by
replacing the charging microswitch with a 1-K) resistor,

The cell is surrounded by }-inch lead plates to reduce x-ray noise,
The residual x-ray pulse is picked up by the photomultiplier and serves
as a time calibration,

The optical emissions are viewed through a 0,5-meter monochromator-
spectrograph (McPherson model 216,5), Time integrated spectra of the
emissions are taken with both Kodak Tri-X (400 ASA) and high speed

Polaroid type 57 film (3000 ASA), The band structurc and wavelengths

Preceding page blank
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are then determined with the aid of either a microdensitometer or a
travelling microscope., The temporal behavior of the various emissions

is followed by photographing the oscilloscope traces (Tektronix model

485) of individual excitation pulses as detected by a photomultiplier (PMT),

The N2 Tirst positive band system fN (B n ) J- N (A 7 ), abbreviated
1+ (v/-v/ )] was initially ol served with a I11tered photometer having a
bandwidth of 200 | centered at 10,600 L, This method proved inadequate
because the signal was dominated by the bright argon line at 10,469 |,
Consequently, the 1+ (0-0) transition was monitored at 10,421 ﬂ (which
elimirated the argon emission), using an RCA 7102 PMT with the monochromator,
The 1+ (1-0) emission at 8883 A was also overlapped by a broad argon
excimer band. The narrower 1+ (1-0) feature was ohserved to appear or
disappear with the addition or removal of N2. The behavior of the Arz*
band, which also changed in the appropriate manner with the addition of
N2, was examined by tuning the spectrometer away from the 1+ emission,

The short-lived Arz* emission gave a negligible contribution to the longer
lived 1+ signal after the first 30 nsec of the afterglow, The 1+ (1-0)
transition was thus observed at 8883 ﬁ using a Hamamatsu R-666 PMT,

Kodak 35 Wratten filter, and spectrometer,

For the N2 second positive and NO y-bands, an S$-5 response PMT was
used (RCA 1P-28 and Hamamatsu R-666) with the spectrometer, The high
intensity of the 2+ emissions at 3371 L (0-0) and at 3577 A (0-1) required
the use of narrow slits and neutral density filters to prevent saturation
of the photomultiplier, Thus, measurements of N (C) state production at
times late in the afterglow had to be made with a pulsed PMI to obtain
sufficient dynamic range while not saturating the tube, The -rst dynode
was pulsed negatively to repel electrons Just before the Febetron discharge
and was returned to fuyll gain 100 nsec later, On-off ratios in excess of

200 were obtained by this technique,

11




PSS S

GHE ¥ ot i

ol o ik o aec ML ot A o iiinak b 1 ndb e it i Ll e Sl IS el b S

Detailed comparison with kinetic model calculations (to be described
below) required the measurement of the absolute number Jdensities of the
emitting species. The optical detection system (monochromato: + PMT)

was calibrated by using both a tungsten ribbon standard lamp and the

15
molecular branching ratio method, Such a combination, besides providing

a4 means of cross checking the calibration, extended the calibration down

to 2400 ﬁ. Appropriately blazed gratings were used with each PMT to

ensure maximum sensitivity, For the higher wavelength measurements

(. > 4000 ﬁ), Kodak Wratten filters were used to eliminate contributions

from photons appearing in second order, For the region below 4000 ﬁ,

interference filters were used in conjunction with the spectrometer to

eliminate the large amount of scattered light that would otherwise have

obscured the standard lamp measurements at these shorter wavelengths,

Both the N2 2+ and the NO Y-bands were used for the molecular branching

ratio measurements,

The agreement obtained using these methods suggests that our absolute

density computations are good to within 60%, the majority of this error

being due to our imperfect knowledge of the exact spatial distribution of

the emitting species, The relative measurements of different radiating

species are expected to be somewhat more accurate; the main uncertainty

arises from the use of different PMTs for the different wavelength ranges,
For example, the relative measurements of the 1+ and 2+ intensities are

believed to be within 40%,

In a kinetic study of this kind, it is not surprising to find that

the impurity level in the experimental chamber can affect the temporal

behavior of the spectral decays., An ionization gauge installed next to

the cell indicated that the residual impurity level in our oil diffusion

pump-liquid nitrogen trap vacuum system corresponded to a 0.1-ppm level

for gases at 1 atm, much less than the impurity level inherent in the

gases themuelves, Nevertheless, in searching for Vegard-Kaplan radiation

12
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from NO, we observed strong emissions from the NO y-bands, The magnitude

of the NO emission was found to be proportional to the number of electron

pulses lired into any particular gas sample, leading to the conclusion

that the No excited by

the pulse wag reacting with 09 that was present

as an impurity in the test gas, This impurity caused special concern

because transfer to even very small fractions of NO was the dominant 1loss

mechanism for the NZ(A) population at very long times, Indeed the NO

Y-band radiation is known to serve us a good tracer of the NZ(A) state

bpopulation, It wag therefore eéssential to know the NO concentration

accurately to obtain reproducible data,

In most Subsequent tests small amounts of NO were purposely added

to the gas mixture, It was then found that the amount of NO decre

with each excitation pulse,

ased

Consequently, after each Febetron shot, the

cell was pumped out and a new volume of gas (with g measured admixture

of NO) was admitted before the next excitation pulse occurred,

Sample composition was also of concern in the production of the gas

mixtures, The mixing time for

the minority gases (Nz, NO) with argon

vas quite long (about a day) at the high pr

€ssures used, For each data

series, measured amounts of the three gases were combined in g reservoir

tank and equilibrated for 24 hours,

This reservoir then served as the ;

i

gas supply to our experimental cell, which could then be filled from 3
8 to 50 times with the same gas mixture., We also used a small magnetic i

mixing vane assembly, which rotated inside one arm of the experimental

cell whou an external magnet was rotated near that arm, Using this system

enabled us to decrease the mixing time in the cell from 24 hours to

15 minutes,

13
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DEVELOPMENT OF THE KINETIC MODEL

1 This investigation, particularly the development of the kinetic
L model, was founded on our previous work on the processes and kinetics of
e-beam pumped rare ;.tases.s’7 Indeed, a computer code had already been
written to describe the rare gas kinetics, The reactions describing the
energy flow into and among the states of the added gases were selected
largely on the basis of previous kinetic studies of othér laboratories,
The reactions used in our mixed gas kinetic model can be divided
into four groups. The lirst of these groups contains the previously
studied processes involving the rare gas excitation and ionization and

subsequent relaxation to the metastable or excimer levels, The second

set describes the transfer of this energy into specific electronic states

of the transfer gas, in this case nitrogen, The third set includes the

o G et o Y

various processes involving these transier states (quenching, radiation,

g R i

ctc.) and the subsequent buildup of NZ(A) as an energy reservoir. The
fourth group of reactions describes energy transfer and decay through the 1
NO, which was added in small but kinetically significant quantities.
The major reactions in each of these four categories are listed in
Table II, The flow chart given in Figure 4 summarizes the interactions
of these reactions. Those processes involving the initial rare gas
excitation have been studied for the excimer laser, and models have been 3
developed by George et al.8n and by Lorents et al.s’7 In the pressure

range of interest, 0.5-10 atm, the excitation and the redistribution of

the energy into the argon metastable states is very fast compared with ?

most of the other reactions, Indeed, the argon kinetics can be summarized
* *
as follows: an instantaneous source of Ar becomes Ar2 by reaction 3;

*
Aro then decays by reactions 6 and 7 and by the transfer reactions 8-12,

Preceding page blank 15




Reaction
No.

10
11

12

13

15
16
17
18

19

Table II

MIXED GAS REACTION SYSTEM

Reaction

Excitation Reactions

+ +

Ar +2Ar - Arz +Ar
4+ - x

Ar2 +e - Ar +Ar

* *
Ar +2Ar - Ar2 +Ar

+ -

Ar +ir - Ar +Ar+e
* = =)
Aro +e - 2Ar+e

1

*

* + -
Ar_ +Ar - Ar2 +2Ar+e

22
¥
Ary o> 2Ar+hy

Transfer Reactions

*
Ar +N2 - total

— Nz(B)+Ar
- NZ(C)+Ar
- Nz(E)+Ar

*
N N 2Ar
Ar2 + 2 - NZ(B)+ Y

Nz Triplet Reactions

N2(E)+Ar - N2(C)+Ar
NZ(C) - NZ(B)+hv

N2(C)+N2 ~» N2(B)+N2
N (C)+Ar N2(B)+Ar
N_(B) » Nz(A)+hV
N (B)+N2 - N2(A)+N2

N

NN NN

(B)+ATr > N2(A)+Ar

-N =N
(Ar 5 NO)

Rate Coefficient

-31 6
2,5x10 cm /sec
-6 3
1x10  cm /sec
-32 6
1x10 cm /sec
-10 3
5x10 cm /sec
-9 3
1x10 cm /sec
-10 3
5x10 cm /sec

7 -1
2.,4x10 s

-11 3
3x10 cm /sec

-11 3
1,7x10 cm /sec
-12 3
3x10 cm /sec
-11 3
1x10 cm /sec

-11 3
1x10 cm /sec

-12 3
3x10 cm /sec
+7 -1
2.2x10 s

-11 3
1,5x10 cm /sec

-13 3

8x10 cm /sec

5 -
1.1x10 s 1

-12 3
2,0x10 cm /sec

-15 3
4x10 cm /sec

16

Reference

16

17

18, 19, Measured
20, Calculated
Estimated
Calculated

7y 21

22, 20, 23, 24,
Measured

10
10, 10
Estimate

Estimate

Estimate

25, 26, 27, 28
25, 29, Measured
10, Measured

30, 27, 31, 32

33, 34, 35, Measured

+ 34, 30, Measured

TR M TN R T
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Reaction
No,
20
21
22

23

24
25
26

27

Table II (Continued)

Reaction

N2(A)+N2(A) - total
Lt E)+N
- N2( ) 2
e _‘N
2(C)+N2

it - N2(B)+N2

NO Reactions
ar,"+NO , NO'+24r
Ar*+NO - total
Ar2*+N0.a total
N2(B)+N0 - total
N2(A)+N0-e total
N2(A)+NO - NO(A)+N2
NO(A) » NO(X)+hy
NO(A)+Ar - total

NO(A)+NO 5 total

Rate Coefficient

-10 3
1x10 cm /sec
-11 3
1x10 cm /sec
-11 3
1x10 cm /sec

-11 3
8x10 cm /sec

-10 3
2,4x10 cm /sec

-10 3
2x10 cm /sec

10

- 3
7x10 cm /sec

-11 3
7x10 cm /sec

1

-1
8x10 cm3/sec

-11 3
4x10 cm /sec

6 -
4.5x10 s &

-15 3
8x10 cm /sec

-10 3
2x10 cm /sec

% rate coefficient not same as reference--see text.

17

+ 36,

Reference

37, 38, Measured

Estimate

+ 37,

¥ 26

11

22,

39, 40, Measured

23

Estimate

¥ 34,
34,
t 42,
44,
+ 48,
48,

Measured

42, 43, Measured
43, Estimate

27, 45, 46, 47
44, Measured

49, 50
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25, and 26, The efficiency of the energy transfer depends on the relative
rate of the transfer reactions and Penning ionization (reaction 6) and
radiation (reaction 7). Determination of a definite value for the radiative
lifetime of the argon excimer is complicated by the existence of two
low-lying molecular states, 1$u+ and Syu+, with different radiative
transition probabilities, These states can be mixed by collisions with
clectrons and other atoms to give a lifetime that depends on the excitation
conditions, The variation of this lifetime has been treated by Lorents

et al.7 We have chosen to use a single average value, which should be
adequate for the pressures and levels of excitation used in the present
experiments,

The second section of Table II contains the reactions transferring
energy out of the excited rare gas into the N2 excited states, Several
excited atom transfer processes have been studied in low density conditions
and the rate constants determined, The rate constant for 3P2 and 3PO

quenching by Ny seems well established by measurements in several labora-
10,20,23,241

tories, The quenching rates of 3Pl and 1P1 have recently becen
measured by Hurst and coworkers.51 All these states are produced in the
excited Ar, and in the range of pressures and electron densities obtained
in our experiment, these states are most likely in statistical equilibrium,
We have therefore treated this group of states as a single state that has
the mean transfer rate coefficient given for reaction 8,

The disposition of this energy among the states of N2 is much less
clear, Only for the 3p2,0 states has there been any detailed examination
of the product states,10 and these results indicate that six NO(B) states
arc produced for each NO(C). Consequently, we have adopted the same ratio
in our model, even though this number may be significantly altered by
transfer from the Ar(3p54p) levels and perhaps also from Ar(3p54slP1),

To account for this possibility, we have allowed some transfer into the

3 *
(E Z;) state, which can be pumped by the higher Ar 1levels. We also

19




o g e s it i - o M L B ek e

believe, however, that if N2(E) is produced, it is q

uenched rapidly to

the C state, which for our range of pressures, is essentially equivalent

to allowing the energy to flow directly into the C state, Obviously more

work is needed to clarify the energy transfer channels of the higher

Ar—N2 levels,

Our own measurements, discussed in the following section, are

consistent with the higher C/B ratio that results from this kinetic picture

but provide no direct evidence for the intermediate E state,

*
Transfer from Ar to N2 has not been studied previously, We have

estimated a rate ~onstant and specitled that all the transfer reactions

produce N2(B) by reaction 12, It is likely that some N2(A) is produced

directly, but it would not be distinguishable from that produced by

cascade from N2(B). Consistency between the kinetic model calculations

(to be described below) and the experimental results lends support to

this procedure, 1In any event, except at the very high pressures, little

transfer from the excimer actually takes place,
Reactions 13 through 23 in Table II describe the subsequent history

of the excited states of nitrogen into which the energy has been trans-

ferred, We will begin our discussion at the top of the

N2 level diagram, E

follow the cascade down to N2(A), and conclude with the repopulation by

A-state pooling,

Collisional quenching by Ar and N dominates the cascade from N (c)
to N (B). The C state quenching by N has a well established rate
constant, but the Ar quenching rate was derived from the measurements

reported here, The light pProduced in the N2(C) 2+ system is certainly

in:ense, but only at quite low pressures does the radiative decay by

spontaneous emission compete favorably with the collisional relaxation,

T SRR ey

A similar situation occurs for the relaxation of N (B) into N (A),

but here the details of vibrational population will be important for

laser application, The electronic quenching of the lower vibrational

e s e = i Ly
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states of N2(B) (v < 1) is very much slower than that for the higher
vibrational states, In particular the value given by Dryer and Perner33
for the NO(B) (v=0) by N2 is 1.6 x 10_12 cm3/sec. This value is an order
of magnitude smaller than that quoted by Young et 111.,3‘1 wvhich was from
studies of higher vibrational levels (v > 4). In addition we have quoted
our own measured value for the quenching of Nz(u) (v=0) by argon, The
literature values are for vibrational levels v > 3,

The cnscnde ~f these higher N2 states produces in the end a large
population of NZ(A)' wvhich serves as the energy reservoir for the late
afferglow. The radiative decay and the quenching by ground state No and
by argon arc essentially regligible, certainly within the time scale of
interest to us, The only significant decay mechanisms are energy transfer
to NO and mutual destruction in collisions of N2(A) with ancther NZ(A).

This pooling reaction has been the subject of study bv several
research groups, without a satisfactory consensus as to the reaction rate
coefficient and its products, The most recent measurement by Hays and

36,37 = +2,2 ) -8 N
Oskam guve a rate coefficient of 1.,4_ 65 X 10 cm /sec and a specific

-10
value of 2.6f% 4 X 10

3
cm /sec for N _(C) as the product. Stedman and
2
39 . .40 -11 3
Setser and Zipf give 2 x 10 cm?/sec for N2(C) production, and
38 -10 3
Zipf derived a value of 3 x 10 cm /sec for the total N2(A) self-
destruction rate coefficient, This reaction is difficult to follow ecxperi-
mentally since the N (A) state cannot be easily observed directly, The
2
situation is further complicated by the possible dependence of the reaction
rate coefficient on the vibrational quantum number. Recent measurements

of the vibrational relaxation of N2(A) by N_ have been made by Dreyer and

2
52
Perner and by Brennen et al.s3 The rate coefficients are quite small
-16 3 -13 3
and vary from 3,4 x 10 cm /sec for v=1 to 3,2 x 10 cm /sec for v=5,
The previous measurements of A-state pooling were made at low

pressures, and the possible incomplete vibrational relaxation may explain

the diversity of pooling rate coefficients. Nevertheless, for the higher

21
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pressures of interest to us, most of the Nz(A) population is probably
in the v=0,1 vibrational levels, although this is far from certain, We
have not included vibrational quenching of Nz(A) in the kinetic model,
The A-state pooling rate coefficient we have used was derived from our
measurements as discussed in the following section,

The last set of reactions in Table II (24-31) involves the use of
NO either as a monitor for the NZ(A) state or as a potential acceptor gas
in its own right, The transfer coefficient from N2(A), rk28]’ seems to
be well established,34’42’43 and we have independently measured its value
several times in the course of our experiments, One should note that
the rate of destruction by NO(A) by No, [k31], is a factor of 3 larger
than the transfer coefficient that produces the NO(A) from N2(A). This
rate of destruction places a severe limit on the peak population of the
NO(A) that can be achieved, since any effort to increase this population
by increasing the amount of NO added to the mixture also increases the
rate at which NO(A) is destroyed,

The intensity of the NO(A) y-band emissions has been used to monitor
the N2(A) population, The reliability of this procedure is sensitively
affected by assumed values of the transfer efficiency from NZ(A) to NO(A)
and by the quenching coefficient of NO(A) by argon, Callear and Wood42
suggested a transfer efficiency of 100%, based on various assumptions,
including a dubious value for the argon quenching coefficient, Young
and St, John43 gave an efficiency of 75% with rather large error bars. A
significant error in estimating these important reactions would affect
our value of the NZ(A) density and therefore our value of the pooling rate
coefficient, 1In the following sections we will use our experimental

observations and model calculations to put limits on these effects,

22
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EXPERTMENTAL RESULTS

The mixtures of argon, nitrogen, and nitric oxide varied in total
pressure from 250 to 7500 torr, The N2 percentage was varied between
0.1% and 10%, and NO was added at 1 to 103 ppm concentration. Bright
emissions, listed in Table III, were observed in the N2 1+, 2+, and NO
Y-band systems, Emissions attributable to transitions between excited
states of the argon atom and nrgon dimer were observed weakly at various
wavelengths, Each of the N2 and NO band systems was monitored at various
vibrational transitions, both to follow the various vibrational popula-
tions and to provide consistency checks for our calibration and analysis,

The observations of the N2(C) state were made primarily on the 0-0
transition at 3371 &. Periodic observation of other transitions with
v’=1,2 indicated vibrational populations in the ratios of approximately
50:5:1 for the first three levels., The three levels showed similar
temporal behavior., Film spectra of the second positive emission as well
as photomultiplier observations supported the conclusion that the
rotational temperature of the N2 was quite low., The bandwidth for the
0-0 transition was approximately 6-8 K, strongly peaked on the low
frequency end, Photomultiplier observations across the bandwidth appeared
to indicate a small amount of rotational heating, especially at the higher
gas pressures, One may conclude that most of the radiation comes from
N2(C) molecules nearly in local thermal equilibrium with the ambient ges,

For the N2(B) state, most of the observations were made on the 0~0
transition near 1,04 microns, Observations of the v/=1 level showed a
population down by a factor of 50 to 80 with some evidence of continuing
vibrational relaxation, as described below., The bandwidth of the 0-0

transition could not be photographed directly as in the case of N2(C)

23
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Table III

TRANSITION WAVELENGTHS

e D G S L M Dl e bl o
“ 2 B it o Bb e L D ) - REARLIEATIA
- Dhisd aten o o b L o a o Lo i R T e e ~

System Transition Wavelength (})

N, 2+ 0-0 3371
0-1 3577 ]
0-2 3805 i
1-0 3159 i
N, 1+ 0-0 10469 1

1-0 8883
NO y 0-2 2470 i

} 0-3 2586

% 0-4 2712
;
;
1
3
k¢
.%'
i
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above, but was measured by scanning the photomultiplier tube across the

band, The half-width (FWHM) for this transition was approximately
120 115 f,

Determinations of the Nz(A) density were made indirectly by monitoring
radiation from NO Y-bands when NO was added in relatively small concentra-
tion, Most of our observations were made on the 2470 ﬁ 0-2 band or the
2713 & 0-4 band, Film spectra again showed the rotational temperatures
of the double headed bands to be quite low, We estimate that the v=1

population was as much as half of the v=0. NO g-band emissions indicated

2
a population in the NO(B'[}) state about 50% of that of NO(A)V_ Several

0.
other bands of the v-band system radiating from the NO(A) state were

monitored to check the relative calibration of the optical system, since

the branching ratios for a given vibrational level within the NO gamma
system are reasonably well known. The results agreed to within 507%,

Figure 5 shows the typical temporal behavior of the populations of

the various radiating species, The points were taken from oscilloscope

photographs of the time behavior of individual spectral emissions, and

the absolute populations were computed from the calibration for that

particular transition, We used the dependence of the temporal behavior

of each state on pressure and mixture composition to verify our picture
of the energy flow and to measure as many rate coefficients as possible,
With a few exceptions, excellent agreement was obtained with rate
coefficients available in the literature, as summarized in Table IV,

For the purposes of analysis we will consider separately the early
times (less than 1 usec) and late afterglow decay, The early temporal
dependence monitors the production of the various radiating species
(i,e.,, from Ar* transfer) and the cascade of the stored energy down to
Nz(A). The final decay follows the destruction of the Nz(A) population
by pooling and NO quenching,
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Table IV

MEASURED RATE COEFFICIENTS

Measured Literature
Reaction Value Value
3 3
(cm /sec) (cm /sec)
* * -33 -32
Ar +2Ar Aro +A1 k3 = 9'3iIX10 1x10
* -11 -11
Ar + N2 total k8 = 2+1x10 3x10
-11 -11
N2(C)+N2 total k15 = 1'5i'SXI0 1,5x10
‘ ' al Kk 5t x1071° 0x10 1%
hz(C)+A1 tota S o_2 X X
N_(C)+NO  total K 10710
+! 0t < --
2 . 16a
To-12 -12
N +N ral < = 1,8+,4x10 1.6x10
hz(B)v=0+ = tota k18 1.8+.4x
-12 -12
N ? . g 4 = 2.9 «2x10 2.3x10
N2(B)v=1+V2 total hlSa + X X
N_(B) _+Ar total k. - 5x10 10
i S ), ==
3 v=0 19
N_(B) _+Ar total k 1.2+.2x10 4
a =1,2+,2x -
2 v=1+ a © 19a -
+2 =10 -10
2( ) 2( ) ota k20 1_.5x10 3x10’_9
1x10
+1 -11 -11
N_(A)+N _(A N (C)+N k =1 10 0
2( ) 2( ) 2( ) - o _.sx 2x1
-11 ~10
N_(B NO 1 =7 ]
2( )v=0+ tota k27 +2x10 2,4x10
-11 -11
N2(A)+NO total o = 7.5+1x10 8x10
-15 -13
NO(A)+Ar total k30 = 8 +3x10 <10 d

27




The initially produced NQ(C) population disappears as a result of

quenching by N2, [klsj, and Ar, [le]. Collisional deactivation by NO is
probably rapid but, under our conditions, does not compete with reactions
114, 15, and 16 in Table II. Figure 6 shows the total pressurce dependence
of the initial exponential decay of the 3371 ; cemissions for 5% N_. By

varying the NO concentration, we were able to determine the N_ and Ar

-11 3
quenching rate coefficients: k =1.5+ 0.5 x10 cm /sec and
} 13 3 e i
+e = K
16 = 5 0 X 10 cm /sec, respectively., At very low pressures (below

760 torr), we notice that the apparent decay lasts longer than the N _(C)
radiative lifetime (15 nsec). For these N2 pressures, transfer from Ar*
is slower than the decay of the resulting N2(C). By studying the concen-
tration dependence of this low pressure decay, we are able to determine
the quenching rate coefficients for Ar*: k3 =933+ 1«x 10_33 (formation
of Arzt) and k8 = 12 By i) B 10_11 (cnergy transfer to N2).

Quenching data for the 1+ (0-0) system are shown in Figure 7 for 5%
N2 and warious percentages of NO, As before, other curves made with

different pressures of Nz cnable us to measure quenching coefficients of

the NO(B) 9 state by all three gascs:
2 v=

k 1.8 2 0.1 x 102 cn’/see (by N.)
.. =1.8 + 0.1 3 cm /s
18 4 X m /sec vy N,
o B g S 8
A X cm /sec (by Ar)
-11 3,
k.. =7 +2x 10 cm /sec (by NO)
<

The quenching by NO,[kui agrees with the rcecent determination of Dryer and

. 3.

Perner. It is in disagreement with older measurements of Young et al.,1
but as aoted carlier their measurements were determined for vibrational

states greater than v=3, We conclude that Young et al. probably measured
quenching down the vibrational ladder, wherecas our measurements and those
of Dryer and Perner were for quenching into other electronic states of N_.

A similar disagreement occurs for the quenching by argon.
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To follow up the distinetion between electronic quenching and

vibrational relaxation, we studied the pressure dependent temporal decay

of the v=l level of NO(B). Figure 8 shows the argon and nitrogen dependence

of this decay. From these and other similar data, we were able to obtain

the v=1 quenching coeflicients

-12
k = 2,9 10,2 x 10 by N
18a ki N y 2
i 1.2 +0.2 x 10° 17 \
{ = 1.2 4 e 2 X by Ar
"19a L y

This vibrational cascade makes no observable contribution to the v=0
bopulation since v=1/v=0 = 0.02, but a detailed knowledge of the rate
constants is essential for ultimate laser development,

In the later afterglow the decoys ol the NO(C) and NO(B) emissions
show the changzover from exponential decay of initial population to a slow
honexponential decay that arises from N, S NZ(A) pooling, Finally, at
low N2(A) densities, the decay becomes exponential again as energy transfer
from NO(A) to NO becomes the dominant quenching reaction, Since the rapid
radiation of the NO(A) state keeps the NO(A) population proportional to
that of N,(1), the NO acts as an effective monitor, Figure 9 shows n
plot of the final decay frequency for the NO v-bands for various concen-
trations of NO, These measurements had to be made with some care since the
NO concentration changed for successive shots into the same mixture;
reproducibility was obtained only when a new gas sample was used for each
point, Our measured value for the energy transfer from NZ(A) to NO is

. ~-11 3 .
k28 = 7.5 + 1 x 10 c¢m /sec, 1n excellent agreement with the literature
values cited in Tables II and IV.

Analysis of the nonexpon¢ atial portion of the late time decay will
be facilitated by an examination of the rate equations governing the
decay of the various species. At these late times we have an NO(A)

population that decays through reactions 20 and 28:
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d 2
Tt [N, ()] = -k [NO] [N, (A)] - Kk, [N, (M)]" . \1)

NO(A) is produced through reaction 28a and relaxed through reactions 29,

30, and 31:

d - .
it rNO(A)]| = —rk29 + kBO[Ar] + k31[h0]} [NO(A)] (2)

+ k TNOITN (A .
28a- ][ 2( )]
Finally N2(C) is produced and destroyed by reactions 22, 14, 15, 16:

d n . G
3t (0] = + k[N, + k Ar]] N, (O] + (3)

k
141

2
Sk [N (A ]

NO(B) obeys a similar equation, but was much more difficult to follow
experimentally.

As described previously, each N2(C) and NO(A) molecule radiates or
is quenched very rapidly after it is produced. In the late afterglow the
N2(C) and NO(A) populations remain in kinetic equilibrium with that of
N2(A) and hence serve as monitors of the N2(A) population through the

equations:

k
28a
{k29 + kso[Ar] + ksl[NOJ}

NO(A) - + [NOJ [N, (A)] (4)

k
22
'{k14 + k15[N2] + le[Ar]}

.2
N, (€) [N, (A)] (5)

12
As described in our preliminary report, the N2(A) temporal behavior is

best understood by examining its logarithmic derivative:
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~k,g[NOT = k, [N, (4)] (6)

The proportionality of NO(A) and NO(A) suggests the graph shown in
Figure 10. The intercept, at [NO(A)] A,[NO(A)] = 0, gives the very long

time exponential decay I'requency kzsﬁNO . Using equations (4) and (6)

d -

we find that the slope of Tz [NO(A).’rxo(A)] versus NO(A)/NO(X) is given
n L

by

fe, + k,_ TAr] + k, _[NOT)
T - 29 30- 31- Z ¢ Kk 7
SRS K 20

28a

Measurement of this slope for various argon pressures indicated a dependence
much smaller than that suggested by the previous literature values of
kBO(i.c., ~,10_13). The decay of the y-band emissions in Ar + NO mixtures
gave a more consistent value, k30 = 8 + 3 x 10_15 cm3/scc. Our NO ~-band
and 3-band observations (described above) suggest that the efficiency of

the energy transfer from NO(A) is near 50%. This value is also consistent

with our model calculations of the absolute NO(A) density. Using the

-15 3 gL K ,

values k?O = 8 x 10 cm /sec and k28 =41 x 10 cm /sec with the known
A a

values of k29 and k31 gives k20 = 1tg.5 X 10-10, in satisfactory agrcement

with the determination of Zipf.38
Absolute calibration of the 2+ emission at late times also permits
determination of the specific pooling rate coefficient into Nz(c),
Comparison of equations (4) and (5) gives
Kk NO 12 N_(C
28a[ ] 2( )

i (8)
[NO(A)]

k.= {K  +k _[N]+ k [Ar]}.
22 = 1¥yq * Fy5lN 1004713 k) gtk o[ Ar]+k, [NO]

A typical graph of the late time N2(C) and NO(A) number densities is shown
in Figure 11, A quadratic dependence is clearly indicated. Insertion of
+1 -11

3
the appropriate rate coefficients gave k22 =1 0.5 x 10 cm /sec, again
-V.o
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39
in satisfactory agreement with the previous work of Stedman et al, and

40
Zipf, Clearly these pooling reactions are difficult to monitor,

Special effort will be needed to remove the ambiguities of NO(A) as an

N2(A) state monitor,
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COMPUTER MODELING STUDIES

5,7,51,12

Our previons studies of the rare gas and mercury excimers

have indicated the considerable gaing in miderstanding and interpreting

experimental results that can be obtained by concurrent numerical nmodeling

ot the reaction kinetics., The Areater complexity of the mixed gas reaction

scheme makes computer modeling cven nmore necessary.  Our computer model ing

Presently includes all the species and reactions in Table 11, distinguishing

different electronic stutes sepurately.,

As described above, many of the reactions included in Table 11 are

susceptible to direct experimental study.  The most difficult periaps are

those that depend on the reaction of two excited species, since an absolute

number density calibration is nceded for their gstudy. In computer mode b ing

these reactions, the absolute calibration enters through the choice of the

"source” term,  We have represented the deposition of cnergy by the Febetron
. 4 11 3

+ 2
by a source of #+9 x 10 Al ions per cm  per nsec per atmosphere and

A

11 * 3
25 x 10 Al excited atoms per cm per nsec per atmosphere for the

duration of the 2 nsec Febetron clectron pulse. These source terms were

at first justified by comparison with deposition codes run at other
laboratories and fimlly by agreement with our absolute measurement of

emission intensities,

Computation of the time dependent number densities for a system

involving the 31 reactions listed in Table IT poses a numerical probiem

of no mean difficulty, The kinetics of the Ar, ND, NO mixture during

&~

and after c-beam bombardment are modeled by a set of nonlinear, coupled,

first-order, ordinary differential cquations, which can be symbolically

represented hy

dy
= oy (O, vy (UD,000 y (U, 1) i=1, ...\ (9)
dt 1 1 2 N

39

R T o e S

T g Co—




Here yi(t) js the concentration of component i, fi represents the net

effect of all processes afrecting yi, and N is the numher of components
considered (N = 10 in our model), Given the set of initial conditions,

yi (t=0) = yi, i =1, ... N, it should in principle be possible to integrate
equation (9) using a standard procedure such as Runge-Kutta or predictor-
corrector. In practice, numerical instabilities are all too frequent.

The concentrations of most of the specics studied reach their maximum
values during or shortly after the termination of the electron pulse.
Subsequently the species decay simultancously, generally at different
rates, but eventually establishing kinetic equilibrium after which the;
decay at the same or related rates. Examples ol this general bchavior
have been illustrated above; specifically, at late times all significant
gpecies are in kinetic equilibrium with the cnergy reservoir, NO(A). The
speed at which kinetic equilibrium is reached is dominated by the faster

*
reactions e.g., Ar + N, NO(C) - NO(B)?. The final decay is generally

-~

much slower,

Unfortunately, the standard numerical schemes are unstable unless
the step-size is chosen according to the fastest reaction rate constant,
even if the corresponding species has decayed to quite an insignificant
concentration, Large differences in the various reaction rates result in
the use of inconveniently small steps (e.g., 10-10 sec steps for NZ(A),
which may last more than 10-5 sec). Not only arc such small steps costly
but they can cause the accumulation of large round-off errors.

The extent of the disparity of the various rate constants is referred
to as the "stiffness' of the reaction system. The remedy for this difficulty
can bhe illustrated by a simple example. The exact solution to the two-

species system,
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s e

: dx
: — ) q 10
? it Ll (10)
dy
- = YX + AY
dt Y >y
is given by
5 - Aot (11)

where 11 and \q are the eigenvalues of the decay matrix [q T]. and
] '\' \

gl, (2, ql and “2 are constants obtained from the initial conditions,
The solution is valid regardless of the disparity of the rate constants.
In general, for nonlinear systems such as equation (9), the local decay
rates are given by the eigenvalues of the Jacobian decay matrix 3f‘ ayj.
A local solution may then be obtained by transforming the kinetic
equations to equations over the eigenvectors of the decay matrix as in
the example above, One may then extrapolate exponentially tor rather
considerable time-steps until the nonlinearity of the decay requires
local rediagonalization of the decay matrix,

Several techniques for handling stiff equations efficiently have been

55~
’

developed and generally the development has been oriented toward a

55,57
particular type of problem, such as chemical reactive gas flow and

=

08,5
electrical circuit design. Gear '

has written a versatile and efficient
subroutine package that we have found to be extremely useful for integrating
our system, A brief description of this routine is given here; more

. 58,59
details, including a program listing, can be found in Gear.

The
background theory of stiff equations solution techniques is discussed in

| Gonr60 and in literature cited therein. For handling stiff equations,

the program was a modified predictor-corrector scheme in which the standard

corrector iteration procedure is replaced by a Newton-Raphson iteration

11
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scheme, which uses values of the elements of the Jacobian matrix. A
subroutine that calculates these matrix elements and a matrix inversion
routine are needed. A physical way of interpreting the technique is to
consider it as a method of locally uncoupling the equation system, per-
mitting largc errors in the components that have decaved to insignificant
concentrations and thus enabling large step-sizes to be taken.

Among other uselful features of the program are automatic step-size
control (depending on an error control parameter specified by the user)
and variable integration order. The system takes the first step using
a single-order predictor-corrector formula (then it is self-starting) and
then automatically adjusts the order (up to maximum of six) to maximize
the step-size,

Typically the program takes less than 12 sec of execulion time on a
CDC 6400 computer for a run involving 10 components and 32 reactions.

The remarkable step-size increase made possible is illustrated by noting
that for a 5000-nsec run the average step-size at any particular time is
roughly 1/10 the sum of all previous integration steps. Thus after 1000
nsec have elapsed, step-sizes of 100 nsec are taken, Initially during
the e-beam excitation period, however, the equations are not of the stiff
type, and this method is no better than a standard Runge-Kutta scheme,

In Figures 12 and 13 we show typical computer model predictions for
the kinetically important species over the experimentally accessible time
range for two total pressures and mixture compositions, These plots
conveniently illustrate the time scales of the various production and
loss processes., The dominant energy pathway, Ar* - NO(B,C) - NO(A) - NO(A),
is easily identified,

+ +
The Ar atomic ions (not shown) disappear very rapidly to form Ar

The decay of the diatomic ion is principally through recombination with
electrons. The recombination is initially rapid but slows down as the

*
electron density decreases. The Ar metastable atoms produced by this

12
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.
recombination are converted to the Aro excimer or are quenched by Nz.

The excimer then radiates or transfers to Nz.
The ND(C) beaks early in time and then decays rapidly because of the

~

high quenching, [klf and lel. After the initial decay, a shoulder or

9
sccondary maximum in the curve is produced by the pooling reaction [kooj’
producing NZ(C) states by NZ(A)-NB(A) collisions. The NZ(B) state decays
more slowly but also shows the regeneration by pooling reactions at late
times, It is important to note that the model citleulations predict that

the N,)(B) density should exceed that of N,)(C) during all the stages of

afterglow decay. The 2+(0-0) transition at 3371 § will never be .nverted.

Our experimental results above showed that the NZ(B)V is much smaller

(by a factor of 50-80) than NZ(B)V 0" Hence laser action is expected on
the transitions 2:(0-1) at 3577 4 and 24(0-2) at 3805 f. OCur model could
be improved to describe the different vibrational levels individually.

The NU(A) and NO(A) stices follow each other with a fixed density ratio,
the decay of both states ultimately being determined by the energy transfer
from ND(A) into NO(A). Although it is not e¢lear from these figures, the
final decay rates of the NZ(B) and N _(C) states are twice that of N_(A),

Figures 14, 15, and 16 are comparison plots of the experimentally
determined number densities and those predicted by the model calculations.
The initial poor agreement between the calculations and experiments helped
direct the research effort to identify and study the missing important
reactions and to determine appropriate values of the rate coefficients,

One of the next improvements that should be included in our computer
modeling will be to account separately for a few of the vibrational levels
that appear to be specially important. The need for this has in fact been
brought to light by the comparison between experimental and modeling results

that we have carried out,
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POSSIBLE LASER EFFICIENCY

Our kinetic model allows us to make predictions that can guide
successful laser development. We can predict the "efficiencies” with
which various excited states of acceptor gases can be produced and find
the optimum gas densities and additive concentrations. 1In addition, we
can estimate laser cfficiencies for these optimum excitation conditions.
In this section we give an estimate of a "probable" efficiency based on
our own results and a "best possible' estimate based on overcoming the
quenching problems in the upper and lower laser state,

We define peak population efficiency as the ratio of the peak
population achieved in a particular state to the total production of atomic
ions and metastable atoms, represented by the "source' term in our kinetic
model. If this peak population is near the lasing threshold nnd if we
presume that the lower level of the transition is initially empty but
fills by lasing and therefore bottlenecks the transition, then an approxi-

mate value for the laser energy efficiency (eff) is given by

laser eff = f»-ro gas pumping eff) x (quantum eif) (12)

peak population/source term).

This is the minimum efficiency we would expect from the system.

We have seen that the N2(B) state quenches more slowly than the
N2(C) and that the NZ(A) state quenches more slowly than the N2(B) state,
Thus, for both the 2+ and 1+ transitions, the lower state will tend to
bottleneck, and only half of the peak population will be usable in a laser
pulse., Obviously it would be useful to find ways to reduce the bottle-
necking problems, 1In the Vegard-Kaplan system, the lower level of the
lasing transition would be one of the higher vibrational levels of the

ground state (v’ = 5-10); here bottlenecking might be eliminated by
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e el i & b e st




T

vibrational relaxation of the ground state. For the NO y-bands, the
vibrational population in the ground state is certain to pose problems,
An inversion has not yet been verified.

The quantum efficiency is the ratio of the energy of the 1+, 2+,
V-K, or y quantum to the 10 eV energy of the argon excimer, For purposes
of discussion we will use 50% as the efficiency with which the e-beam
pump energy can be converted into argon excimers,

In Figures 17 through 20 we show the peak population efficiencies
for the various excited states of N2 and for the NO(A) state from our
kinetic model calculations., The waximum efficiencies range from about
10% for NZ(C) and NO(A) to 65% for NZ(B) and greater than 90% for NZ(A)°
The low value for the NZ(C) state is the result of the unfavorable branch-
ing ratio for transfer from the argon metastables and the high quenching
of this state by both argon and Nz. NZ(B) can be populated with much
higher relative efficiencies, ~ 60% to 65% for 10% N2’ because of iis
higher transfer efficiency and lower quenching. As we have already seen,
almost all the excitation eventually finds its way to the NZ(A) state.
Because of its very low quenching and overall metastability, the NZ(A)
state has a population efficiency that exceeds 90% for 20% Nz.

NO is much less efficient as an energy acceptor, In the first place,
the NO(A) state is very rapidly quenched by NO(X), 1In addition, NO
interferes with the energy flow kinetics in the rare gas host. The NO

+ + * *
ground state is ionized in collisions with Ar , Ar_ , Ar , and Ar_ .,

2
The resulting NO+ then recombines with an electron to produce N and O
atoms, At large NO concentrations (~ 0.1%), as much as 25% of the
deposited energy can be consumed by these wasteful reacti-ns.
Table V lists the estimated efficiencies for the possible laser
transitions. The efficiency from peak population was calculated using

equation (12), assuming complete bottlenecking. Since the most of the

population in both NZ(C) and NZ(B) are in the v=0 vibrational levels, we
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expect to see transitions only from those levels, Since the NZ(B) v=0
is always greater than NO(C) v=0, we further expect that laser transitions
in the 2+ will occur only on 0-1 or 0-2 bands. The listed threshold

density values Ntl were calculated using the gain equation
th

3
b i

G = —— — (N DAW', v 13
8o m ( th) (v/,v") (13)

3
where we have used a gain of 0,01 per cm and )}/p) of 10 , which seem to

be an appropriately conservative values for our conditions, A(v’/,v”) is
the spontaneous transition probability between the upper v’ vibrational
level and the lower v’ level,

Several experimental observations of second positive laser radiation
in electron beam pumped argon-nitrogen mixtures fit these predictions

7,29
rather well,

The laser transitions are the 0-1 and 0-2, and the
efficiencies observed range from 0.2 to 0,6%,

A second measure of the efficiency of the energy transfer scheme is
provided by a calculation of the total production of the laser candidate.
The peak population discussed above includes the competition between
production and quenching losses. The intense laser field will shorten the
effective radiative lifetime of the lasing state, making upper state
quenching much less of a problem. It will still be necessary to remove
the lower state bottlenecking. Just as the peak population efficiency

provides a lower limit to the attainable efficiency, the total production

efficiency provides an upper limit. The computed efficiencies

laser eff = (rare gas eff) x (quantum eff) (14)

x (total species production/source term)

are shown in Table V,
3
We have seen that the NZ(C N ) state is populated principally by
u

direct energy transfer from excited argon atoms. The energy pooling
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reaction of NO(A) will not be an effective method of producing 2+ radiation
or a 2+ laser, The nrrincipal development problem remaining is the dis-
covery of a quencher that will remove the bottlenecking lower state

3 3
N(BT) or N (Br ) without quenching the upper state. DPending
2 g v=1 2 g ov=2
the solution of this difficult problem, the maximum attainable energy

efliciency should remain near 1%,

1 The NO(B'ng) state also appears to bhe a promising laser candidate,
although lasing action has not vet been demonstrated., Once again our
studies indicate the principal production source to be transfer from
excited argon atoms with a minor contribution from argon excimers., The
possibility of significant production by NO(A) energy pooling is more
remote but needs more study before it can be excluded. Improvement of
the laser efficiency bheyond the predicted 1.8% awaits the discovery of a

3 +
quencher for N (A5, ) that does not quench N_(B).
2 u

v=0,1,2 2

Table V shows the remarkable efficiency of N2(A3yu+) as an energy
acceptor and storage reservoir, Practical utilization of these excellent
properties is made more speculative by the extremely small stimulated
emission cross section, Indeed, the threshold rlensity listed in Table V
was determined by assuming that we could achieve a radiative transition

3
probability of the order of 10 /sec, or a 1000-fold larger than that

observed for the free molecule, Just such a 1000-fold increase has been

observed in the Vegard-Kaplan emissions of matrix isolated nitrogen in
xenon, If a similar enhancement could be achieved for the electron beam
pumpcd case (say, in liquid »enon), efliciencies of 11-22% might be
possible, The higher percentage presumes the use of all the peak NZ(A)
population, since the expected quenching of the vibrational levels in the
ground clectronic state of nitrogen would be fairly rapid.

As described above, the development of NO y-band laser is inhibited
by intrinsic difficulties in NO as an energy acceptor, Quenching of

NO(A) by NO(X) is very rapid, and NO interferes with the argon energy
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2 4
flow kinetics. The NO(A'y )v_0 is connected by large Franck-Condon factors

with the lower vibrational levels of the ground state. It is not known

to what extent these vibrational levels are populated by eclectron-

excitation, v-v transfer from Nz, or NO quenching of NO(A), It will take

careful study to even verify an inversion,
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CUNCLUSIONS

The spectral emission eminating from high pressure gas mixtures of
Ar + N2 + NO excited by energetic electron beams have been examined photo-
graphically and photometrically, The results are:

1, The excitation energy of the electron beam, initially deposited
in the argon, is rapidly and effliciently transferred (via both the Ar
metastable and the Ar2 excimer) tu the nitrogen triplet states.

2F The 14 reaction rate coefficients which we have measured for
this system (see Table IV) with few exceptions agreec well with those
numbers already available in the literature.

3. The Kkinetic numerical model which describes the complex inter-
action of the excited gases (through 32 reaction ecquations) gives a

reasonably accurate quantitative description of the experimental results.

4, The kinetic model predicts the potential laser efficiencies of

W0e

N2(C) to be 1%, of NZ(B) to be 1.,8%, and of NZ(A) to be 11¢
5, The high efficiency of conversion of electrical energy into
excited electronic states of the rare gases (50%) coupled with the very
high population efficiency of the N2(A) state (90%) produces large popu-
lations of metastable N2(A<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>