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SUMMARY 

The purpose nl 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 efficiency for the rare gases near 50%. 

Rare gas diners for which the ground leve.1 is repulsive, in 

particular Xu , Kr , and Ar , have already demonstrated laser action but 
2   2       2 

with disappointing efficiencies.  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 energy storage capacity. 

In this report we describe studies of energy transfer in an 

Ar + N + NO gas mixture.  This combination was chosen because many of 
2 

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 from a high energy electron 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 N [N (C), N (B), and N (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 N states and 

their temporal behavior following excitation of the argon.  N (C) and 

N (B) were monitored by their radiation but the N (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 N (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 cicvoted recently to the development 

of  high energy vacuum ultraviolet lasers by pumping high pressure rare 

gases with electron beams.1'"  Efficiencies for the conversion of electrical 

energy into excited electronic 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 intense energy 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 earlier expectations of high laser efficiencies that were based on 

the repulsive nature of the rare gas ground state potentials.  In any 

7 8 9 
event, the detailed models '  and the experiments clearly indicate that 

the excimer levels can be efficiently populated by e-beam pumping under 

the proper conditions. 

We are seeking ways to make use of the efficient and specific energy 

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 be somewhat metastable against radiation and strongly resistant to 

quenching, and of course the lower level should be unoccupied and strongly 

quenched by either radiation or collision.  We report here observations 

on electron beam pumped argon, with nitrogen as the main transfer acceptor. 
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NO was added as a monitor for the metastable N (Ay +) state and its 
2  ' u       ' 

properties as a secondary acceptor were determined. 

Previous work     on energy transfer from metastable argon 
3       3 

[Ar( Po), Ar( P2)] to N., has indicated that the triplet states N (C3n ) 

and N2(B ng) are the principal products, while the lowest triplet N {A3j: +) 

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-lying atomic states [ArC^), ArC^), Ar^), Ar^)].  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 Hart  and Ault et al.14 found lasing action on the N2 second positive 

system in e-beam pumped Ar/N2 mixtures.  Their measured efficiencies range 

from 0.2 to 0.4%. 
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FIGURE 2      ENERGY FLOW AND TRANSFER  IN THE Ar-N2-NO SYSTEM 
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Table I 

POTENTIAL LASER EFFICIENCIES 

Upper State    Lower State 

N_(c n ) 
2    u VBn ) 2

      g 

Band System    Efficiency 

2+ 1% 

N (B n ) 
2   g 

N2(A
3v +) 

2   u 1+ 1.8% 

v^O N2(X\+) 
* g 

V-K 11-22% 
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APPARATUS A^ID EXPERIMENTAL PROCEDURE 

A schematic diagram ol 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 mix^d-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 MgF  (which are sealed to the 

sidearms using Teflon gaskets), coupled with the vacuum uv spectrometer, 

permit observation of spectral emissions from 1300 A 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 foiL described above.  Even 

after thousands of shots, foil failure has not been a difficulty.  Rapid 

charging and firing (up to 5 shots per minute) was made possible by 

replacing the charging microswitch with a 1-kQ resistor. 

The cell is surrounded by J-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 structure and wavelengths 

Preceding page blank 
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are then determined with the aid of either a microdensltometer or a 

travelling microscope.  The temporal behavior of the various emissions 

is followed by photographing the oscilloscope traces (Tektronix model 

185) of individual excitation pulses as detected by a photomultiplier (PMT). 

The N2 first positive band system [N^ry -, ^(AV), abbreviated 

1+ (v'-v")] was initially observed with a filtered photometer having a 

bandwidth of 200 I  centered at 10.600 A.  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 I  (which 

eliminated the argon emission), using an RCA 7102 Pm  with the monochromator 

The 1. (l-o) emission at 8883 A was also overlapped by a broad argon 

oxcimer band.  The narrower 1+ (l-o) feature was observed to appear or 

disappear with the addition or removal of N^  The behavior of the Ar * 

band, which also changed in the appropriate manner with the addition of 

V was examined by^tuning the spectrometer away from the U  emission. 

The short-lived Ar/ emission gave a negligible contribution to the longer 

lived 1+ signal after the first 30  „sec of the afterglow.  The 1+ (l-o) 

transition was thus observed at 8883 I  using a Hamamatsu R-666 PMT, 

Kodak 35 Wratten filter, and spectrometer. 

For the N2 second positive and NO v-bands. an S-5 response PAfP was 

used (RCA 1P-28 and Hamamatsu R-666) with the spectrometer. The high 

intensity of the 2+ emissions at 3371 A (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 jyc) state production at 

times late in the afterglow had to be made with a pulsed PMT 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 full gain 100 nsec later.  On-off ratios in excess of 

200 were obtained by this technique. 

11 
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Detailed comparison with kinetic model calculations (to be described 

below; required the measurement of the absolute number densities of the 

emitting species. The optical detection system (monochromator + POT) 

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

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

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

to 2400 A.  Appropriately blazed gratings were used with each POT to 

ensure maximum sensitivity.  For the higher wavelength measurements 

(X > '1000 A). Kodak Wratten filters were used to eliminate contributions 

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

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 POTs 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 atra, much less than the impurity level inherent in the 

gases themselves. Nevertheless, in searching for Vegard-Kaplan radiation 

12 
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cell was pumped out and a new volume of eas fwltv, a Bas Ulth  a measured admixture 
oi -NO) was admitted before thn  n« *. 

ea oetore the next excitation pulse occurred 

Sample „„position was also ol concern in the production ol the gas 

~ l„nB (about a day, a. the high p.,cssurcs u^_ ^ ^^ ^ 

ser ea, .aaaurcd amounts „1 the three Sases „ere co„blned In a reservoir 

-h and culllbratod lor U  hours. This reservoir then seryed as the 
-s supply to „„ experlmental coll> which couid ^^ ^ ^^^ ^^ 

8 to 50 times with the same gas mixture  Wo  i 
miXtUre-  Ue also "«öd a small magnetic 

•in. vane asse^iy, which rolotod .„^^ _ arm ^ the ^^^^^ 

cell when an eternal „a.not was rotated „ear that arn. „sin, this syste» 
enabled us to decree th*     ■ system 

eaSe thC miXlnK time in the cell from 24 hours to 
15 minutes. 
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DEVELOPMEOT OF THE KINETIC MODEL 

This investiKalion, particularly the development of the kinetic 

model, was founded on our previous work on the processes and kinetics of 

e-beam pumped rare Rases.    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 other laboratories. 

The reactions used In our mixed gas kinetic model can be divided 

Into four groups.  The first of these groups contains the previously 

studied processes Involving the rare gas excitation and lonlzatlon and 

subsequent relaxation to the metastable or exclmer 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 

various processes Involving these transfer states (quenching, radiation, 

etc.) and the subsequent buildup of N (A) as an energy reservoir. The 

fourth group of reactions describes energy transfer and decay through the 

NO, which was added In small but klnetlcally 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 exclmer laser, and models have been 

developed by George et al. " and by Lorents et al.5'7 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 Ar  by reaction 3; 

Ar2  then decays by reactions 6 and 7 and by the transfer reactions 8-12, 

Preceding page blank 15 
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Table II 

MIXED GAS REACTION SYSTEM 

(Ar-N -NO) 

Reaction 

No. 

1 

2 

3 

•I 

5 

6 

7 

Reaction 

Excitation Reactions 

Ar +2Ar -» Ar  fAr 
2 

+  _    * 
Ar +e -» Ar +Ar 

2 
* * 

Ar +2Ar -» Ar +Ar 
* +    + 

Ar +Ar -» Ar +Ar+e 

2Ar+c 
♦ 

Ar +e - 
2 
♦   ♦ 

Al- +Ai' 
2   2 
+ 

Ar -» 2Ar+h>j 
2 

Ar +2Ar+o 
2 

Rate Coeilicient Reference 

2.5x10   cm /sec 16 

-6  3 
1x10  cm /sec 17 

-32  6, 
1x10   cm /sec 18, 19, Measured 

-10  3 , 
5x10   cm /sec 20, Calculated 

-9  3 
1x10  cm /sec Estimated 

-10  3 
5x10   cm /sec Calculated 

2.4x10 s 7, 21 

Transfer Reactions 

8      Ar +N - total 

9 - N2(B)+Ar 

10 "   -» N (C)+Ar 

11 -♦ N (E)+Ar 

12 Ar +N -» N (B)+2Ar 

N Triplet Reactions 
_2 :  

13 N (E)+Ar -> N (C)+Ar 

14 N7(C) -» .N2(B)+hv 

15 N0(C)+N0 ~> N (B)+N 

16 N (C)+Ar -> N (B)+Ar 

17 N (B) ^ N (A)+hv 

18 N2(B)+N2 ^ N2(A)+N2 

19 N (B)+Ar -> N (A)+Ar 

-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 
1.1x10 s 

-12  3 
2.0x10  ' cm /sec 

-15  3 , 
4x10   cm /sec 

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 

16 
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Reaction 
No. Reaction 

20 
VA)+N2(A> "* total 

21 -> N2(E)+N2 

22 - N2(C)+N2 

23 -» N2(B)+N2 

NO Reactions 

24 Ar2
++N0 ^ NO++2Ar 

* 
Ar +N0 -> total 25 

26 Ar +N0 ^ total 

27 N2(B)+N0-> total 

28 N2(A)+N0-> total 

28a N (A)+N0 -» N0(A)+N 
*              2 

29 N0(A) -» N0(X)+hv 

30 N0(A)+Ar -» total 

31 N0(A)+N0 _ total 

Table II (Continued) 

Rate Coefficient 

1x10 cm /sec 

-. *«-ll 3, 1x10 cm /sec 

1x10 cm /sec 

o ,«-11 3, 8x10 cm /sec 

-10  3 
2.4x10   cm /sec 

-10  3 
2x10   cm /sec 

-10  3 
7x10   cm /sec 

r, ,«-11  3, 7x10   cm /sec 

o H^-H  3, 8x10   cm /sec 
-11  3 

4x10   cm /sec 

4.5x10 s~ 

o ,«-15  3, 8x10   cm /sec 
-10  3 

2x10   cm /sec 

* rate coefficient not same as reference—see text, 

17 

Reference 

* 36, 37, 38, Measured 

Estimate 

i  37,   39,   40, Measured 

t 26 

41 

22, 23 

Estimate 

t 34, Measured 

34, 42, 43, Measured 

* 42, 43, Estimate 

44, 27, 45, 46, 47 

t 48, 44, Measured 

48, 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,  y  and y     ,   with different radiative 

transition probabilities.  These states can be mixed by collisions with 

electrons and other atoms to give a lifetime that depends on the excitation 

conditions.  The variation of this lifetime has been treated by Lorents 
7 

et al.  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 N excited states.  Several 

excited atom transfer processes have been studied in low density conditions 

3      3 
and the rate constants determined.  The rate constant for P and P 

2      0 
quenching by N2 seems well established by measurements in several labora- 

10,20,23,21 3      1 
tones. The quenching rates of P and P have recently been 

51 
measured by Hurst and coworkers.   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 N is much less 
3 2 

clear.  Only for the P   states has there been any detailed examination 

of the product states,  and these results indicate that six N (B) states 

are produced for each No(C).  Consequently, we have adopted the same ratio 

in our model, even though this number may bo significantly altered by 
5 

transfer from the Ar(3p Ip) levels and perhaps also from Ar(3p54slP1). 

To account for this possibility, we have allowed some transfer into the 
3 + * 

(E y)  state, which can be pumped by the higher Ar levels.  We also 

19 
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believe, however, that if N^E) is produced, it is quenched 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-N 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 constant and specitied that all the transfer reactions 

produce N2(B) by reaction 12.  It is likely that some N^A) is produced 

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

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

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

this procedure.  In 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, 

follow the cascade down to N^A), and conclude with the repopulation by ' 

A-state pooling. 

ColJisional quenching by Ar and N2 dominates the cascade from N (C) 

to N2(B).  The C state quenching by N2 has a well established rate 

constant, but the Ar quenching rate was derived from the measurements 

reported here. The light produced in the N^C) 2+ system is certainly 

intense, but only at quite low pressures does the radiative decay by 

spontaneous emission compete favorably with the collisional relaxation. 

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 

20 
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states of N (B) (v < 1) is very much slower than that for the higher 

33 
vibrational states.  In particular the value given by Dryer and Ferner 

-12  3 
for the N9(B) (v=0) by N is 1.6 x 10  " cm /sec.  This value is an order 

34 
of magnitude smaller than that quoted by Young et al.,  which was from 

studies of higher vibrational levels (v > 4).  In addition we have quoted 

our own measured value for the quenching of N (!'.) (v=0) by argon.  The 

literature values are for vibrational levels v > 3. 

The cascade *>f  these higher N states produces in the end a large 

population of N (A), which serves as the energy reservoir for the late 

afterglow.  The radiative decay and the quenching by ground state Nr and 

by argon are 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 N (A) with another N (A). 

This pooling reaction has been the subject of study by 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     -9  3 
Oskam     gave a rate coefficient of l.^o.es * 1°  cm /sec and a specific 

+2      -10  3 
value of 2.6_l!4 x 10   cm /sec for N

T
2(C) as the product.  Stedman and 

39     '  40 -11 
Setser  and Zipf  give 2 x 10   ctrvsec for N (C) production, and 

38 -10  3 
Zipf  derived a value of 3 x 10   cm /sec for the total N (A) self- 

destruction rate coefficient.  This reaction is difficult to follow experi- 

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 N (A) by N9 have been made by Dreyer and 

52 53 
Ferner  and by Brennen et al.   The rate coefficients are quite small 

and vary from 3.4 x 10   cm /sec for v=l 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 lyA) population is probably 

in the v=0,l vibrational levels, although this is far from certain.  We 

have not included vibrational quenching of N^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 N^A) state or as a potential acceptor gas 

in its own right. The transfer coefficient from N (A), fk 1, seems to 
34 42 43 2      28 

be well established,  '  '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, [k^], is a factor of 3 larger 

than the transfer coefficient that produces the NO(A) from N (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 N (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. John  gave an efficiency of 75% with rather large error bars. A 

significant error in estimating these important reactions would affect 

our value of the N^A) density and therefore our value of the pooling rate 

coefficient. In the following sections we will use our experimental 

observations and model calculations to put limits on these effects. 
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EXPERIMENTAL RESULTS 

The mixtures of argon, nitrogen, and nitric oxide varied in total 

pressure from 250 to 7500 torr.  The ^ 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 N 1+, 2+, and NO 

Y-band systems.  Emissions attributable to transitions between excited 

states of the argon atom and argon dimer were observed weakly at various 

wavelengths. Each of the N,, 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 N^C) state were made primarily on the 0-0 

transition at 3371 1.  Periodic observation of other transitions with 

v^l^ 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 I,   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 gas. 

For the N2(B) state, most of the observations were made on the 0-0 

transition near 1.04 microns.  Observations of the v'=l 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 N (C) 
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Table  III 

TRANSITION WAVELENGTHS 

System 

N     2+ 
2 

Transition Wavelength  (A) 

0-0 

0-1 

0-2 

1-0 

3371 

3577 

3805 

3159 

N     1+ 
2 

NO 

0-0 

1-0 

0-2 

0-3 

0-4 

10469 

8883 

2470 

2586 

2712 
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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 ±15 A. 

Determinations of the N^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 A 0-2 band or the 

2713 I  0-4 band.  Film spectra again showed the rotational temperatures 

of the double headed bands to be quite low.  We estimate that the v=l 

population was as much as half of the v=0.  No ß-band emissions indicated 

a population in the NOdM]) state about 50% of that of N0(A)   .  Several 

other bands of the v-band system radiating from the N0(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 50%. 

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 ^sec) 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 

N2(A). The final decay follows the destruction of the N^A) population 

by pooling and NO quenching. 

25 

■Ki. -■■■ .,..L..|. ■..;...■.,.  '--- '■<—■   :■:-.•;.; — ■■■-.-■ - ,_ „ „ ■ ■■  ■■  ■...-....■■■. —^ ~. , , ^_, ^ _J- ■.■.^■-v^^-iJ-,^.-.......,.:.^..^-.«.^;^...       ■ I"  ii ■ -. ■.■..■iMi^1-r'^---":-^""i.,--.^A.im-wJ. 



i        ii mmmmmmfrnmBm i J,-.IJ Jiw.ww'i' i^iPi jii i iM imx^mimimv mi y» JUJIUIHJ-l V^P f5PHP*!BWWWiPBf^W^f»"li«WPfP!WWWBWP^W!" 

> < 
O n UJ 
O 

8- -I 
< 

ro uj 
H 

5 
Z 

H 

8 
CM 

5 

n 
T 
in 
N 
oi         w 
T        Z 
<       O ^ 
1/,       55 o 

1/3 Z 
s 
UJ 

öS 
ill 

a § 
UJ o > 
oe (N 
LU z 
CO 

O 5? 
Lf) 

LU 
I < 
H 

ss S in 
O 05 
tr LL 
LL O 
a LU 
LU OC z D 
5 1- 
tr X 
LU 5 
LU to 
Q < 
V3 U 
< < 
2 
O 

oc 
O 
u. 

h- < ^-^ 
_l < 
D 
a. 
O 

o 
z 

a. II    LU 

u. -5 O 
~ W3 oc OD  W3 

o —  UJ 

> 2 a 
< 
X 
LU 
CO u 
_j — i- 
< u 
cc w « o z Ö 
a. 
S 11 8 
LU +   •- 
H CM n 

LO 

UJ 
QC 
D 
o 
u. 

(EuJ3/sa|3!iJBd)    AllSNaa d39wnN 

26 

L    -   ■ --...-.    -  - —. .       .     ——        -■ —i—  



II ""11 II  I ■'■      I 'I 111     ■■" I   I  '*>»'<   > iwiPi"«'   ■•■ ■■ JIM I ma M I    tmmm: II.II  I ■ i ■ .i.   i i     [i '    " "^ 

Reaction 

Table  IV 

MEASURED  RATE  COEFFICIENTS 

Measured 
Viilue 

.     3 
(cm  /sec) 

+ * 
Ar +2Ar      Ar_ +Ai 

Ar    +  N total 
2 

N   (C)+N total 
— 4- 

N (C)+Ar      total 

N9(C)+N0       total 

NT2(B)v.O+N2       t0tal 

N  (B)       +N total 
2 v=l     2 

N   (B)       +Ar       total 
3 v=0 

N   (B)       +Ar      total 
2       v=l 

N2(A)+N2(A)       total 

N_(A)+N   (A)       N  (C)+N 
^2 2 2 

N2(B)v=0+N0       total 

N2(A)+NO       total 

NO(A)+Ar       total 

k    =  9.3+1x10 
•33 

k    =  2+1x10 
8 "~ 

•ii 

k       =   1.5+.5xl0 
15 — 

+■1 -13 
k,0  =   5       xlO 

16 -2 

-11 

K1«     <  10 
16a 

•10 

-12 
k       =   1.8+.4xl0 

K18a   =   2.9   +   .2x10 
12 

k,„ < 5x10 
19 

-15 

k =   1.2+.2xl0 
19a — 

^ - <^-n 

•14 

k27 = 7+2x10 
■11 

k28 =  7'5llx10 
•11 

k3o = 8 i^10 
•15 
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Literature 
Value 

/     3 , (cm /sec) 

■32 
1x10 

3x10 
•11 

1.5x10 

-13 
9x10 

11 

1.6x10 

2.3x10 

•12 

•12 

-10 
3x10 
IxlO"9 

2x10 -11 

2.4x10 

-11 

-10 

8x10 

<10 
-13 
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The initially produced Nr)(C) population disappears as a result of 

quenchinK by N^ [k15], and Ar, [k^].  Collisional deactivation by NO is 

probably rapid but, under our conditions, does not compete with reactions 

14, 15, and 16 in Table II.  Figure 6 shows the total pressure dependence 

of the initial exponential decay of the TA71   'l  emissions lor STr N .  By 

varying the N concentration, we were able to determine the N  and Ar 

quenching rate coefficients:  k  = 1.5 + 0.5 x K)"11 cm^/scc and 
.     .+4    -13  3 15 

k
16 - 

ö_^  x 10   t"1  scc. respectively.  At very low pressures (below 

760 torr), wo notice thai the apparent decay lasts longer than the N (C) 

radiative lifetime (45 nsec).  For these N pressures, transfer from Ar* 

is slower than the decay of the resulting Nyc).  By studying the concen- 

tration dependence of this low pressure decay, we are able to determine 

the quenching rate coefficients for Ar*:  k. = 9.3 ± 1 x 10~33 (formation 
* -11 '5 

of Ar  ) and k = 2 i 1 x 10  ' (energy transfer to N ). 
-       « 2 

Quenching data for the 1+ (0-0) system are shown in Figure 7 for 5% 

N2 and various percentages of NO.  As before, other curves made with 

different pressures of N enable us to measure quenching coefficients of 

the N (B)   state by all three gases: 
2  v=0 

-12  3 k
18 = 1.8 i 0.4 x 10   cm /sec (by N ) 

19 
-15   3 

a x 10   cm  sec (by Ar) 

-11  3 
k,, . = / ± 2 x 10   cm  sec (by NO) 

The quenching by N^, [k^", aRiees with the recent determination of Dryer and 
33 „. 

Perncr.    It is in disagreement with older measurements of Young et al.f 

but as n.»ted earlier their measurements were determined for vibrational 

states greater than v=3.  We conclude that Young et al. probably measured 

quenching down the vibrational ladder, whereas our measurements and those 

of Dryer and Perncr were for quenching into other electronic states of N 
2" 

A similar disagreement occurs for the quenching by argon. 

28 
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A = 0,1% NO 
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TOTAL  PRESSURE     (torr) 
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SA-1925-76 

FIGURE 6      'NmAL DECAY FREQUENCY FOR N2(C) IN M.XTURES 
OF  Ar + 5% N    + x% NO 
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TOTAL PRESSURE     (torr) 
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SA-1925-77 

FIGURE  7       INITIAL DECAY  FREQUENCY FOR  NJB)   .   IN MIXTURES 
OF Ar + 5% N2  + x% NO 
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To follow up the distinction between electronic quenching a,ui 

vibrational relaxation, we studied the pressure dependent temporal decay 

of the v=l level of N^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=l quenching coefficients 

k
I8a - 2-9 I 0-2 x 10"12 by N2 

kiqn = l-2 + 0.2 x lO"11 by Ar 
l '■fix 

This vibrational cascade makes no observable contribution to the v=:0 

population since V=l/V^ - 0.02, but a detailed knowledge of the rate 

constants is essential for ultimate laser development. 

In the later afterglow the decays of the yc) and yB) emissions 

show the changeover from exponential decay of initial population to a slow 

nonexponential decay that arises iron, yA) + s^A)   pooling.  Finally, at 

low N2(A) densities, the decay becomes exponential again as energy transfer 

from N2(A) to NO becomes the dominant quenching reaction.  Since the rapid 

radiation of the N0(A) state keeps the N0(A) population proportional to 

that of N2(A), the NO acts as an effective monitor.  Figure 9 shows a 

Plot of the final decay frequency for the NO Y-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 N (A) to NO is 
_j j   -J 2 

k28 =j 7-5 -- i x 10   cm /SÜC'' in excellent agreement with the literature 

values cited in Tables II and IV. 

Analysis of the nonexponential portion of the late time decay will 

bo facilitated by an examination of the rate equations governing the 

decay of the various species.  At these late times we have an N (A) 

population that decays through reactions 20 and 28: 

31 
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lN2l,'|Arl 

0.20 

SA-1925-78 

FIGURE 8     INITIAL DECAY OF N2(B)v=1   FOR VARIOUS ARGON 
AND NITROGEN PRESSURES 
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FIGURE 9      NO(A) FINAL DECAY FREQUENCY VERSUS TOTAL PRESSURE 
Ar +  5% N2 + x% NO 
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^  [N2(A)1   =   -k28[NO]   rN2(A)]   -   k2o[N2(A)]2 (1) 

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

30, and 31: 

- rNO(A) , = -fk29 + k30[Ar] + k31[N0]} [N0(A)] (2) 

+ k9« rN0][N9(A)1  . 
28a 

Finally N (C) is produced and destroyed by reactions 22, 14, 15, 16: 

— TN   (C)' dt   -   2 •fk14  +  k15r-V   +  k16rAr^   ^2(C)^   + (3) 

k22rN2(A)]    . 

N (B) obeys a similar equation, but was much moro difficult to follow 

experimentally. 

As described previously, each N (C) and N0(A) molecule radiates or 

Is quenched very rapidly after it is produced.  In the late afterglow the 

N (C) and N0(A) populations remain in kinetic equilibrium with that of 

N (A) and hence serve as monitors of the N (A) population through the 

equations: 

N0(A) 
28a 

- fk  + k fArl + k fNOI] 
. [NO] [N (A)] 

29   30 31' 
(4) 

N2(C) R 
22 2 

fk  + k TN 1 + k  [Aril  L 2   J 

' 14    15L 2-1    16L  Ji 
(5) 

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

best understood by examining its logarithmic derivative: 
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[N (A)] 
-k fNO"! - k JN' (A) j 
28-  !    20L 2   J (6) 

The proportionality of NO(A) and N (A) suggests the ^raph shown in 

Figure 10.  The intercept, at TNCKA)] ~ [N (A)] = 0, gives the very long 

time exponential decay frequency k [NO].  Using equations (4) and (6) 
28 ■ 

we find that the slope of — rN0(A)'l/rN0(A)1 versus N0(A) NCKX) is given 
dt   l- - J 

fk       +  k     rAr1   +  k    fNOll 
29 30       J 31-      JJ 

hv 

slope = 
28a 

20 
(7) 

Measurement ol this slope for various argon pressures indicated a dependence 

much smaller than that suggested by the previous literature values of 

k  (i.e., ~ 10   ).     The decay of the v-band emissions in Ar + NO mixtures 
30 " -15   3 

gave a more consistent value, k  = 8 ± 3 x 10   cm /sec.  Our NO y-band 

and g-band observations (described above) suggest that the efficiency of 

the energy transfer from N (A) is near 50r;.  This value is also consistent 

with our model calculations of the absolute N0(A) density.  Using the 

values k 
-15  3 -11  3 , 

= 8 x 10   cm  sec and k   = 4 x 10   cm /sec with the known 
30 28a 

values of k  and k  gives k 1+^  x 10"  , in satislactorv agreement 
-0.5 

38 with the determination of ZipiV0 

Absolute calibration of the 2+ emission at late times also permits 

determination of the specific pooling rate coefficient into N (c). 

Comparison of equations (4) and (5) gives 

k  [NOI 
28aL  J 

2   N2(C) 

22 = fKi4+ ki5^ + VA^^ rTk rAr]+k PNO] )   rMn/s, 2 
{    29  30L  J  31L  J ;   rN0(A)1 

(8) 

A typical graph of the late time N (C) and N0(A) number densities is shown 

in Figure 11.  A quadratic dependence is clearly indicated.  Insertion of 
+ 1      -H  3, 

the appropriate rate coefficients gave k  = 1 r x 10   cm /sec, again 

35 

t».,..,,,.....:■--;..... .. ■.-  --..  i. ..-    -. ■:'■-■ .-.-^^ ^■^-J.W^._„^....^.-a-^^.^-.,..,  - -- - ^^^^t^^^^^^M 



0.002 0.004 0.006 0.008 

[NO(A)]/[NO(X)] 

SA-1925-80 

FIGURE  10      LOGARITHMIC DERIVATIVE OF NO 7-BAND EMISSIONS 
MONITORING N2(A) DENSITY  IN A MIXTURE OF 
Ar + 5% N2 + 0.001% NO AT 60 psia TOTAL PRESSURE 
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FIGURE   11       QUADRATIC DEPENDENCE OF  N2(C)  ON  NO(A)  IN A MIXTURE 
Ar + 5% N2 + 0.005% NO AT 120 psia TOTAL PRESSURE 
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in  satisfactory agreement with the  previous  work of Stedman et  al.39 

Zipf. Clearly  these pooling  reactions  are  difficult  to monitor. 

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

N   (A)   state monitor. 

and 

38 
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COMPUTER MODELING STUDIES 

5,7,54,12 Our previous studies ol the rare gas and mercury exclmers' 

have indicated the considerable gains in understanding and interpreting 

experimental results that can be obtained by concurrent numerical modeling 

ol the reaction kinetics.  The greater complexity of the mixed gas reaction 

scheme makes computer modeling even more necessary.  Our computer modeling 

presently includes all the species and reactions in Table II, distinguishing 

different electronic states separately. 

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

susceptible to direct experimental study.  The most difficult  perhaps are 

those that depend on the reaction »1 two excited species, since an absolute 

number density calibration is needed for their study.  In computer modeling 

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

source' term.  We have represented the deposition of energy by the Febetron 

by a source of^ x K)1 ' Ar+ ions per cm3 per nsec per atmosphere and 
/Jt    14   * -.j 

-^-5 x 10  Ar  excited atoms per cm' per nsec per atmosphere for the 

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

at first justified by comparison with deposition codes run at other 

laboratories and finally 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 II poses a numerical problem 

oi no mean difficulty.  The kinetics of the Ar, N^, NO mixture during 

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

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

represented by 

dy, 

dt 
/y/O, y2(t),.., yN(t), t)   i = 1, ... N (9) 
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Here v (t) Is the concentration of component i, I. represents the not 
' i 1 

effect of all processes affecting v., and N is the number of components 

considered (N = 10 in our model).  Given the set of initial conditions, 

y  (t=0) = v , i = 1, ... N, it should in principle be possible to Integrate 
■ i     '   " i' 

equation (9) using a standard procedure such as lUiiiRe-Kutta or predictor- 

corrector.  In practice, numerical instabilities arc all too frequent. 

The concentrations of most of the species studied reach their maximum 

values during or shortly after the termination of the electron pulse. 

Subsequently the species decay .simultaneously, generally at different 

rates, but eventually establishing kinetic equilibrium after which the/ 

decay at the same or related rates.  Examples of this general behavior 

have been illustrated above; specifically, at late times all significant 

species are in kinetic equilibrium with the energy reservoir, N0(A).  The 

speed at which kinetic equilibrium is reached is dominated by the faster 

reactions e.g., Ar* + N , S   (C) -,  N (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   sec steps for ^(A), 

which may last more than lo"  sec).  Not only are 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 be illustrated by a simple example.  The exact solution to the two- 

species system, 
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scheine, which uses values of the elements of the Jacoblan matrix.  A 

subroutine that calculates these matrix elements and a matrix inversion 

routine arc needed.  A physical way of Interpreting the technique is to 

consider it as a method of locally uncoupling the equation system, per- 

mitting large errors in the components that have decayed to insignificant 

concentrations and thus enabling large step-sizes to be taken. 

Among other useful 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 execution time on a 

CDC 6100 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 still- 

typo, 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 -v N (B,C) -» N (A) -> N0(A), 
•- 2 

is easily identified. 

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

2 ' 
The decay of the diatomic ion is principally through recombination with 

electrons.  The recombination is initially rapid but slows clown as the 
+ 

electron density decreases.  The Ar metastable atoms produced by this 

12 
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FIGURE   12      MODEL PREDICTIONS OF THE  TEMPORAL 
BEHAVIOR  OF  THE  VARIOUS SPECIES  IN 
THE  EXCITED MIXTURE 95% Ar +  5% N2 

+ 0.05% NO,  AT  1550 torr TOTAL PRESSURE 

The energy deposition source term  is 2.28 x  1015 

ions and metastables/cm  . 
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FIGURE   13      MODEL PREDICTIONS  FOR  THE  MIXTURE 
95% Ar  +  5% N2  +  0.005%  NO  AT 6100 torr 

The source term  is 9.30 x   1015  ions and 
metastables/cm3. 

11 

■  ■-'■■    ■ ■ -   ■■■-   ■■•-■■■■—,- -vuuu.,u-^i-ü llh   ii    lil'lllllftiM 



+ 
recombination are converted   to   the Ar       excimer or  are quenched  bv N   . 

2 2 
The excimer then radiates or transfers to N . 

2 

The N (C) peaks early in time and then decays rapidly because of the 

high quenching, |k  and k  ].  Alter the initial decay, a shoulder or 

secondary maximum in the curve is produced by the pooling reaction [k  I, 

producing N^(c) states by N (A)-N (A) collisions.  The N (B) state decays 

more slowly but also shows the regeneration by pooling reactions at late 

times.  It is important to note that the model calculations predict that 

the N (B) density should exceed thai of .\ (C) during all the stages of 

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

our experimental results above showed that the N (B)   is much smaller 
2  v = l 

(by a factor of 50-80) than N (B)   .  Hence laser action is expected on 
2   v 0 

the transitions 2.(0-1) at 3577 £ and 24(0-2) at 3805 ^.  Our model could 

be improved to describe the different vibrational levels individually. 

The N (A) and N0(A) st; .es follow each other with a fixed density ratio, 

the decay of both states ultimately being determined by the energy transfer 

from N (A) into Nü(A).  Although it is not clear from these figures, the 

final decay rates oj the N (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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FIGURE  14      COMPARISON OF  MODEL PREDICTIONS WITH 
EXPERIMENTALLY  MEASURED POPULATIONS 
FOR  A MIXTURE OF 95% Ar + 5% N2  + x% NO 
AT TWO TOTAL PRESSURES 
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FIGURE   15      COMPARISON  OF  MODEL PREDICTIONS WITH 
EXPERIMENTALLY MEASURED POPULATIONS 
FOR  THE MIXTURE 95% Ar + 5% N,  + x% NO 
AT 3100 torr TOTAL PRESSURE 

47 

"■ •■'-'■ ^-■"■■•- ^-'■'--■^'-:~ "  '   J^.-^^-.— -^ 



100 200 300 
TIME     (nsec) 

(al    0.005% NO 

400 500 

SA-1925-70R 

101!>|fc7 N.« N2(AI        _^ 

T v ♦    v*^~       N0'A>     - 

X^^     N2(B) ~ 

^       N2(C' 

100 200 300 400 
TIME    (nsec) 

(b)    0.05% NO 

500 

SA-1925-69R 

FIGURE  16      MODEL PREDICTIONS AND EXPERIMENTAL 
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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.  In addition, we 

can estimate laser efficiencies 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 and  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-re 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 ^(B) state quenches more slowly than the 

N2(C) and that the ^(A) state quenches more slowly than the N (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.  In 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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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 N and for the N0(A) state from our 

kinetic model calculations.  T'IP .uaximum efficiencies range from about 

10% for N2(C) and N0(A) to 65% for N (B) and greater than 90% for N (A). 

The low value for the ^(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 N . N (B) can be populated with much 

higher relative efficiencies, ^ 60% to 65% for 10% N , because of its 

higher transfer efficiency and lower quenching. As we have already seen, 

almost all the excitation eventually finds its way to the N (A) state. 

Because of its very low quenching and overall metastability, the N (A) 

state has a population efficiency that exceeds 90% for 20% N . 

NO is much less efficient as an energy acceptor.  In the first place, 

the NO(A) state is very rapidly quenched by NO(X).  In 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 2 

The resulting NO then recombines with an electron to produce N and 0 

atoms. At large NO concentrations (~ 0.1%), as much as 25% of the 

deposited energy can be consumed by these wasteful reactions. 

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 N (C) and N (B) are in the v=0 vibrational levels. we 
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expect to see transitions only from those levels.  Since the N (B) v=0 
2 

is always greater than N (C) v=0, we further expect that lasei transitions 

in the 2+ will occur only on 0-1 or 0-2 bands.  The listed threshold 

density values N  were calculated using the gain equation 

3 

G = ^— —  (N  UCv'.v") (13) 
8'TC A>    th 

3 
where we have used a gain of 0.01 per cm and XZAX of 10 , which seem to 

be an appropriately conservative values for our conditions.  ACv^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 
27 29 

rather well.      The laser transitions are the 0-1 and 0-2, and the 

efficiencies observed range from 0.2 to 0.6r;. 

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 elf) x (quantum eff) (14) 

x (total species production/source term) 

are shown in Table V. 

We have seen that the N (C*n ) state is populated principally by 
**        u 

direct energy transfer from excited argon atoms.  The energy pooling 
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reaction of N (A) will not be an effective nifthocl of producing 2->-  radiation 

or a 2+ laser.  The principal development problem remaining is the dis- 

covery of a quencher that will remove the bottlenecking lower state 
3 :i 

N (B 0 )  , or N (B " ) 
g v=l g 

_ without quenching tlie upper state.  Pending 

the solution of this difficult problem, the maximum attainable energy 

efficiency should remain near lr;, 

3 
The N_(B n ) state also appears to be a promising laser candidate, 

although lasinn action has not yet 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 N (A) energy pooling is more 

remote but needs more study before it can be excluded.  Improvement ol 

the laser efficiency beyond the predicted 1.8'-' awaits the discovery of a 
3 + 

quencher for N (A 7.  )       that does not quench N (B). 
2   u  v=0,l,2 2 

Table V shows the remarkable efficiency oJ N {A'5j-  ) as an energy 

acceptor and storage reservoir.  Practical utilization of these excellent 

properties is made more speculative by the extremely small stimulated 

omission cross section.  Indeed, the threshold density listed in Table V 

was determined by assuming that wo could achieve a radiative transition 

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 
61 

xenon.   If a similar enhancement could be achieved for the electron beam 

pumped case (say, in liquid ?;enon), efficiencies of ll-22ro might be 

possible.  The higher percentage presumes the use of all the peak N (A) 

population, since the expected quenching of the vibrational levels in the 

ground electronic state of nitrogen would be fairly rapid. 

As described above, the development of NO ^-band laser is inhibited 

by intrinsic difficulties in NO as an energy acceptor.  Quenching of 

N0(A) by N0(X) is very rapid, and NO interferes with the argon energy 
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flow kinetics.  The NO(AV)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 electron- 

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

careful study to even verify an inversion. 

58 



■^rat l. IM'!" .^ Ml ^—>!■--■ ■■ T^^WWS^FWlPmST^-M^OW^^TlWriW^W^^™^!^^ 

CONCLUSIONS 

The spectral emission emlnatlng 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 oi the electron beam, initially deposited 

in the argon, is rapidly and efficiently transferred (via both the Ar 

metastable and the Ar oxcimer) to the nitrogen triplet states. 

2. The 14 reaction rate coefficients which we have measured for 

this system (see Table IV) with few exceptions agree well with those 

numbers already available in the literature. 

3. The kinetic numerical model which describes the complex inter- 

action of the excited gases (through 32 reaction equations) gives a 

reasonably accurate quantitative description of the experimental results. 

4. The kinetic model predicts the potential laser efficiencies of 

N2(C) to be 1%, of N9(B) to be 1.8%, and of N (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 N0(A) state (90%) produces large popu- 

lations of metastable N9(A), and in fact indicates that this state has 

a long-lived high energy storage capacity, 
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