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Section I
INTRODUCTION

Numerous methods of creating "active" nitrogen have been reported in the

literature (see Refs. 1 and 2, for example), although the majority of

the work has been performed at low gas pressures (< 20 Torr). The pur-

pose of the effort described here was to determine experimentally the

feasibility of producing a high density of metastable states of N2 in an

afterglow arrangement suitable for transfer of the stored energy to a

lasant species.

The species responsible for the high degree of reactivity of an N2
afterglow are vibrationally and electronically excited N2 molecules as

well as ground and excited states of atomic N. The term "Lewis-Rayleigh

afterglow" is used to describe the persistent radiation emitted by N2
after the excitation source is removed. It consists primarily of the

first-positive bands - A3 E ) but also includes numerous other

radiative transitions (see Ref. 1 for complete description).

Of major interest is the lowest-lying electronic state of N2
(A3Z +

because of its long radiative lifetime (-. 2 sec), 2 4 its relatively high

internal energy (6.17 eV for v = 0),5 and its large cross section for

energy transfer to other molecules. 6-8 The promise of efficient, fast

energy transfer to NO and subsequent radiation of the NO y-bands

(NO 82 ! X2n) has resulted in interest in the possibility of an NO/N 2
tunable light source. However, reactions of other excited N2 states as

well as N-atoms with NO (or other target gas) makes it necessary that

the excitation method favor the formation of N2(A) while minimizing the

formation of competing states. In addition, in order to attain a sig-

nificant light flux, a large density of excited states must exist.

For attaining a large excited-state density, use of high pressures

(100 - 760 Torr) is seemingly preferable to attempting excitation of a

high percentage of a low-pressure gas. Since only electrical-discharge

excitation was considered for this effort, two promising techniques were

studied--microwave surface-wave excitation and dielectric-barrier dis-

charge excitation.



Section II contains the background for selection of these two tech-
niques. Sections III and IV describe the details of the microwave

studies and application of the dielectric-barrier discharge, respec-

tively. The diagnostic techniques pertinent to measurement of excited
states are discussed in Section V, and experimental equipment developed

for this effort are described in Section VI.

1'2
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Section II

BACKGROUND

Electrical-discharge pumping of a gas involves a transfer of energy from

an electric (or magnetic) field to charged particles which, in turn,

transfer energy in collision with neutral gas molecules. The large

energy-transfer cross sections for low-energy electrons in N2 generally

result in large fractions of the total energy input going into vibra-

tional excitation in a pure N2 discharge.

The metastable nature of the symmetric N2 molecule, then, results in a

significant amount of energy being converted to gas heating rather than

atomic-state excitation. The absence of electron-attachment processes

in pure N2 results in a relatively low electric field and, consequently,

a low average electron temperature after the discharge is established.
9

A DC discharge is, therefore, not attractive for the generation of the

N2 (A) state unless electron diffusion losses can be made large. A
small-bore "capillary" arrangement enhances the diffusion losses, but

the large amount of heat and high electrode-erosion create difficulties

in achieving an acceptable discharge in practice.

The high-pressure pulsed discharge will provide sufficiently hot elec-

trons for atomic-state pumping only during the short (-. 10 nsec) over-

voltage phase of the discharge cycle. However, unless the discharge is

terminated as the E/N and electron temperature drop, much of the total

energy will be channeled into vibrational energy, as discussed above.

Providing a sufficiently short (temporal) electrical pulse is impracti-

cal. 1O In addition, the amount of energy deposited during the over-

voltage phase is small due to the low electron density. A high

repetition rate would, therefore, be required if significant energy

transfer were desired. Thus, the standard configuration of a pulsed

discharge with integral metal electrodes would not be efficient in pro-

ducing large concentrations of N2 metastables.

However, the insertion of a dielectric between the gas and at least one

electrode will result in rapid termination of the discharge as the elec-

tron density builds up. This is the principle behind the "ozonizer"

3
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discharge--also referred to as a silent discharge, dielectric discharge,

or dielectric-barrier discharge--used commonly for production of ozone

from atmospheric-pressure oxygen or air. 11-13 The requirements for gen-

erating atomic 0 from 02 for subsequent formation of 03 are similar to

those for direct electron-excitation of N2 . That is, the two major dis-

sociating states of 02 have thresholds12 at 6 eV and -, 8.4 eV; the

threshold of the N2 (A) state is 6.17 eV. This discharge technique has

been reportedly used successfully for production of N2 (A) at 1 - 20 Torr

pressure 14 ,15 and at atmospheric pressure where large concentrations

appeared feasible.
16'17

The use of a dielectric barrier at both electrodes would aid in main-

taining the cleanliness of the gas. This "dielectric-barrier" (pre-

ferred term) discharge arrangement, then, appears to be one of the most

promising techniques for generation of large N2 (A) concentrations in the

present contractual effort. For a small electrode gap (1 - 3 mm), the

required discharge voltage should be < 10 kV (based on 03 generation

data); therefore, high-frequency (I - 10 kHz), solid-state drivers are

feasible as power sources.

Microwave and RF excitation is used frequently for generation of active

nitrogen.1 Generally the most prominent emission observed is the first-

positive band system, indicating a large concentration of atomic N. At

very low pressure (s 1 Torr), two-body recombination of N-atoms occurs

while three-body processes appear to dominate at pressures above

1 Torr.18 '19 A typical microwave discharge (pressures < 10 Torr) pro-

duces large amounts of atomic N and is often used as a source of dis-

sociated nitrogen (e.g., Refs. 20, 21). In a CW microwave discharge,

one would expect the electron energy distribution to be somewhat similar

to the DC discharge discussed earlier, that is, a relatively low average

electron temperature and a large amount of vibrational excitation and

resulting high gas temperature. It appears, then, that the N2 (A)-state

kinetics are dominated by the N-atom concentration--both production and

loss channels. This limits the maximum achievable N2(A) density.
15

Assuming a three-body N-atom recombination-rate coefficient
19 of lO 3 10

cm6 sec "1 and a destruction-rate coefficient20 of 5 x 10-11 cm3 sec "I , a

saturation density of 10-3 x N-atom concentration is calculated for a

4
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lO-Torr discharge. The dominant reactive species in the near afterglow,

therefore, will be N-atoms, rather than the desired molecular meta-

stable. One cannot dismiss reactions involving other excited states
22

of N2, but it appears that a low-pressure microwave discharge will

generate large N-atom concentrations.

As N2 pressure is increased, it becomes exceedingly difficult to main-

tain a volume discharge with microwave excitation. However, successful

RF and microwave excitation at atmospheric pressure has been reported in

a surface-wave configuration. 23-27 Because the discharge excitation

occurs only near the dielectric surface, the diffusion losses of elec-

trons will be larger, possibly resulting in a higher electron tempera-

ture than that found in the volume microwave configuration discussed

above.

An attractive alternative to direct microwave excitation of N2 is RF/

microwave excitation of Ar to form the rare-gas metastables (11.55 and

11.72 eV),28 followed by collisional transfer of energy to form N2 elec-

tronically excited molecules without effecting significant dissocia-

tion. 29'30 The use of Kr and Xe metastables should also produce the

N2(A), but their cost would inhibit their usefulness in fast-flow sys-

tems. Typically, this technique is applied at low pressure, but the

surface-wave applicator has been shown to be very useful for rare-gas

excitation at atmospheric pressure.

Another method of producing N2 (A) molecules is the e-beam-sustained dis-

charge configuration. Results of a theoretical investigation3 1 showed

that a significant N2 (A) concentration was achievable for E/N sustainer

fields z 40 Td. Unfortunately, fields of > 10 Td cannot be attained--

due to arcing--at high pressures in the present AFWAL e-beam test

cell. 32

In summary, the two most promising techniques of producing a large N2 (A)

metastable density without significant N(4S) atom concentration are the

dielectric-barrier and the RF/microwave surface-wave configurations.

5 ___ . .-'--'



Although a great deal of information concerning N2 discharges and after-

glows can be found in the literature, it is often contradictory. The

large number of electronic states, many having similar internuclear

vibrational end points, and the metastable nature of vibrational states

result in inconsistent interpretations of kinetic effects. The

potential-energy curves of Fig. 1 show the complicated nature of this

molecule. In addition, the sensitivity of the electronic excited-state

population to impurities often results in inconsistent experimental

results. The review by Wright and Winkler summarizes the understanding

of the N2 molecule up to 1968. In 1973 Golde and Thrush 33 published an

excellent overview of the understanding of the afterglow kinetics. The

most recent review of spectroscopic data can be found in Lofthus and

Krupenie.
2

N2 afterglows can be placed in two categories--short-lived and long-

lived. The long-lived glow, known as the Lewis-Rayleigh afterglow, is

characterized by a dominance of visible emission of the first-positive

bands (B3n+ - A3z ), usually with B-state vibrational levels (v') of
g u

0 - 12 present. The short-lived auroral and "pink" afterglows are char-

acterized by dominant emission from not only the first-positive but also

the second-positive (C 3fu- B3 1g) and the first-negative (N+ B
3 + - X2r)

g 2 u gbands.

3 + Il 1

In addition to the B-state emission, radiation from A ru, a E.u, a Ug,

and B'3C as well as N(2D) and N(2P) have been observed in the Lewis-

Rayleigh afterglow. Although emission from the 5E', w1a u, and high3 + gI U
vibrational levels of the A 3 and a 1E have not been observed, these

states are postulated to exist in these afterglows in order to explain

the observed vibrational distribution of the emitting states.33 The

recently measured34-48 effects of the W3au have established parameters

of this electronic state also.

The source of the long-lived Lewis-Rayleigh afterglow has been shown

rather conclusively to be N(4 S) atoms, 33 although an exact mechanism has

not yet been universally accepted. Generally, either three-body inverse

pre-dissociation via the very shallow 5 E state19,39 or three-body

relaxation into very high vibrational levels 33'40 of the A3 E is

6
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accepted. Both theories invoke the unbound states of the SE as the

original precursor. Despite the mechanism involved, it is apparent that

discharge-created N(4S) is responsible for initiation of the long-lived

glow.

As mentioned above, the N(4S) quenches the N2 (A) so efficiently that

large concentrations of the N2 (A) metastable via the N-atom recombina-

tion channel are not feasible. Caledonia, et al., 41 calculate a maximum

concentration of N2(A) of 1012 cm 3 when N-atom recombination is the

source of excited states in an afterglow. Therefore, the common Lewis-

Rayleigh afterglow is not amenable to the present goal of large con-

centrations of electronically excited, metastable N2 molecules.

The "pink" afterglow,42 -44 however, which is readily produced in a low-

pressure clean laboratory system, exhibits emission from states having

internal energies as high as 19.9 eV. This short-lived afterglow is

characterized by a dark region between the discharge glow and a pinkish-

white glow which begins -, 10 msec downstream and lasts 5 - 20 msec,

often exhibiting oscillatory behavior in intensity downstream.

Early attempts to explain the mechanism of the pink afterglow were con-

centrated on identifying highly excited metastables exiting the dis-

charge. 44 '4 5 Subsequent ultraviolet-absorption measurements of Bass
46

47

and Tanaka, et al., showed the presence of very high vibrational lev-

els of N2 (X); levels of up to v" = 25 were observed. The presence of

these levels upstream and into the glow region and the decrease in their

population downstream of the glow led Tanaka, et al., 4 7 to the conclu-

sion that while the vibrational metastables cannot directly account for

the high electronic states, they are a necessary constituent to the

pink-afterglow kinetics. Lund and Oskam48 and Oldenberg49 maintained

that atom-atom (N 4S) recombination and subsequent excited-state colli-

sions were the main source of the high-lying electronic states.

One of the most interesting studies of the pink afterglow was that on

ion concentrations reported by Bromer and Hesse.50  Figure 2 shows the

concentrations of N2 , N+, and N4 as a function of distance from the

8

~f



*p = 6.6 Torr

SI +
"r" .k Itota

10 

+

z/

0

10 10 20 30 40 50

L (CM)
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Function of Distance L (from Ref. 50).
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discharge. These investigators presented plausible arguments regarding

the relative populations of the various ions but were unable to identify

the ionization mechanism. They did, however, present evidence that the

initial ion is N.+

Although the kinetics of the pink afterglow are not yet well defined,

observations in this laboratory indicate that N-N recombination plays

only a minor role, if any. This conclusion is based upon the lack of

significant 1 + emission in the dark space preceding the afterglow,

although copious amounts of 1+ are observed in the glow area.

Tanaka's47 measurement of only a very weak absorption by N(4S) supports

this point. Also, it seems unlikely that any electronic metastable pro-

duced in the discharge could survive the many gas and wall collisions

for the 5 - 15 msec time period observed in the 1-cm-diam. quartz tube.

The excited species exiting the discharge with the highest probability

of survival is the vibrationally excited N2(X). For microwave-

excitation conditions, kinetic modeling of Piper and Caledonia 51 has

shown that v-v pumping of ground-state N2 results in large amounts of

high vibrational states in the 5 - 20 msec time period. However, the

mechanism of energy transfer from the vibrating molecule to electronic

states is still unknown. Collision-induced curve crossing, such as pos-

tulated by Campbell and Thrush 52 as a source of N2(a'l-n), is a likely

process.

The mechanism of the N2 dielectric-barrier discharge is understood even

less than that of the pink afterglow. Relatively few studies can be

found in the literature. This topic will be discussed in more detail in

Section IV.

10



Section III
MICROWAVE EXCITATION

A waveguide surface-wave launcher, based on the work of Moisan, et

al., 27 was utilized as the microwave-to-plasma coupling device in the
present study. Figure 3 is a schematic diagram of this "surfaguide"

launcher. It was designed53 for use at 2.45 GHz with a 12-mm-diam.

plasma tube. The plasma-tube arrangement is shown in Fig. 4. The mag-

netron was operated at up to -. 300 W (CW), although coupling contraints

typically limited the deposited power to < 200 W. The high-purity N2
(99.9995% Matheson purity) was introduced into the discharge tube

through a 6-mm quartz tube. The axial position of this tube was varia-

ble throughout the 12-mm discharge tube to permit introduction of the

N2 prior to or within the discharge as well as within the afterglow.

The high-purity N2 and research-grade Ar (99.9998%) were connected

through high-purity regulators and shut-off valves and Brooks Series

5850 flow-measurement and regulator valves. Although the N2 metastable

levels are extremely sensitive to impurity levell--particularly oxides

of nitrogen and carbon--ultra-high-vacuum procedures were not utilized.

After assembly, where Viton 0-ring seals were used at glass junctions,

the entire assembly was He-leak tested to ensure a minimum leak rate of
S10 -9 atm-cc sec-1 . Since the system was operated in an open-loop

flowing arrangement, the major sources of impurities were the gas sup-

plies and the walls of the lines, discharge tube, and afterglow tube.

Assuming that the outgassing rates of the walls are not significantly

affected by the total gas pressure, published outgassing rates measured

in vacuum systems can be used to estimate the wall contribution to the

impurity level. The outgassing rate per unit area is measured in units

of pressure times volume-flow-rate per unit area and is a weak function
of time.54 The gas flow rate is measured in pressure times volume-flow-

rate units. Therefore, the impurity level (ppm) can be calculated from

the outgassing rate, the gas-flow rate, and the area of the surface over

which the gas must flow. From the compiled data of O'Hanlon,54 the fol-
lowing relationships have been derived:

11
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Ppyrex = 0.58 ppm (1)

A Cu

P'10FHC Cu o 3.2 A CU ppm (2)

90 AVitonP'viton = '0 -T PPM (3)

where P' is the impurity level in ppm, A is the exposed surface area in

cm2 , and Fi is the gas-volume flow rate in sccm. The above relation-

ships are "worst-case;" that is, the outgassing rates are the measured

values after 1 hr. of vacuum exposure without baking. The rates typi-

cally drop to one-tenth this value after -. 10 hr. For the experimental

system diagrammed in Fig. 4, the gas is exposed to -. 175 cm2 of quartz

(considering the end point at 10 cm into the afterglow region),

-. 180 cm2 of OFHC copper per gas line, and -. 3 cm2 total of exposed

Viton O-rings. This translates to an impurity level of < 10 ppm at

100 sccm volume flow rate and < I ppm at the more commonly used

1000 sccm flow rate. This level is below the bottle purity. There-

fore, in the absence of additional leakage during discharge operation,

the purity level of the gas is dominated by the gas supply.

The surface-wave discharge has been extensively studied experimentally

by Moisan and co-workers. 23-2 7 Two features are unique to this tech-

nique. First, the radial distribution of excited states is similar to

that of the DC positive-column discharge only at very low pressures

(s 50 mTorr at 1 GHz) or at low RF frequencies; that is, as the pressure

or RF frequency is increased, the density of excited states is observed

to be a maximum near the walls of the discharge tube. The radial-

distribution profile flattens out in the presence of an axial magnetic

field or if the tube is terminated at a distance less than the plasma

length, that is, if multiple wave reflections are present.

14
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Secondly, the length of the discharge columm is determined by the gas

pressure and the RF power applied and is a strong function of the gas

kinetics. Essentially, the electron density decreases with distance

away from the launcher, and the discharge length is dependent upon the

maintenance of sufficient electron density and electron energy to effect

ionization. At low pressures (-, 50 mTorr) where electron collision

frequency is small, discharge-column lengths of up to 6 m have been

reported. 55 At atmospheric pressure, a plasma length of -. 18 cm has

been attained, with an absorber RF energy of 200 W (915 MHz).
23

A surface-wave discharge at high pressures differs from the low-pressure

plasma in that no discharge occurs in the radial center of the tube. At

< 10 Torr Ar, a relatively diffuse discharge was obtained in this labo-

ratory in the setup shown in Fig. 4. As the pressure was increased to

20 Torr, however, the discharge consisted of "fingers" of -. 1 - 2 mm

diam. which generally rotated about the inside surface of the 10-mm-ID

tube. At atmospheric pressure, the fingers became fewer in number,

shorter in length, and slightly smaller in diameter. The fingers were

sharply defined at atmospheric pressure and more diffuse (weak glow sur-

rounding fingers) at 20 Torr.

In contrast, the N2 never formed "fingers." A somewhat diffuse glow

filled the discharge tube at -. 2 Torr N2 pressure. As the pressure was

increased, the length decreased and the radial center became hollow. At

15 Torr, the discharge appeared to conform to the tube inner wall and

extended no more than -. 0.5 cm from the surfaguide boundaries. A dis-

charge in pure N2 could not be maintained at pressures > 25 Torr, even

with up to "- 250 W of 2.45-GHz power.

As discussed in Section II, the atom-atom recombination mechanism of the

Lewis-Rayleigh afterglow is not promising as a source of high-density

molecular metastables. Therefore, observations were first concentrated

on the "pink" afterglow. Figures 5 and 6 show a typical spectral scan

taken in the brightest portion (visible) of a pink afterglow at 3.1 Torr

of pure N2. This position corresponds to nu 23 cm downstream of the dis-

charge glow, which translates to n 8.8 msec (plug flow). The spectral

characteristics are similar to those reported by other authors; that is,

15
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the three dominant emission bands are the first- and second-positive

neutral molecular bands and the first-negative ionic band. Upper vibra-

tional levels (v') up to N 6 are observed in the first-negative spec-

trum. This corresponds to an internal energy of -. 20.4 eV.

Energies of this magnitude indicate that the excited ion is formed by

excitation of the N+X 2E +) ground-state ion by collision with an elec-2 g
tronically excited molecule or atom. It is unlikely that any signifi-

cant concentration of electronic states above 10 eV can exist for direct

excitation (pooling) of two electronically excited neutral molecules for

the present experimental conditions. The radiative lifetime of states

above 10 eV is < 190 Psec; 2 due to numerous curve crossings, it is

unlikely that high-lying vibrational levels of long-lived states exist

in any significant quantity.

Energetically, selected combinations of the low-lying N2 metastable

states could account for the increase in molecular ions. Emission spec-

tra measured -. 1.9 msec and 3.8 msec upstream of the position of the

brightest pink afterglow emission were compared to those of Fig. 5 and

6. The 1.9-msec position corresponded to the approximate region in

which the pink afterglow first became visible to the eye. The flow tube

was "dark" at the 3.8-msec (upstream) position.

It should be noted here that the flow times are calculated by assuming

plug flow. Because of the two right-angle bends in the apparatus, some

degree of turbulence in the flow can be expected. If laminar flow

exists, the actual gas-flow speed may be larger by a factor of S 1.6.56

Unfortunately, it was not possible to isolate the three positions opti-

cally without affecting the glow. Therefore, it was not clear what pro-

portion of the upstream emission spectrum was due to scatter of light

originating in the bright-pink afterglow region. The vibratrional dis-

tribution of the three bands was similar at the three positions, indi-

cating that significant scatter interference may have been present.

However, the relative band intensities differed with position; that is,

the ratio of peak intensities of the brightest bandhead of the first

negative (v' = 0, v" = 0), the first positive (11, 7), and the second

18
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positive (0,0) was 1:0.39:0.53 in the pink afterglow. The corresponding

ratio for 1.9 msec upstream was 1:0.28:0.17 and that for 3.8 msec

upstream was 1:0.16:0.08. Further work is needed, however, for accurate

determination of the true spectral content of the upstream positions.

An interesting characteristic of the pink-afterglow spectrum is the

presence of high vibrational levels of the first positive shown in the

&v = 5 sequence in the region of ", 510 - 530 nm (Fig. 5). This charac-

teristic has also been reported by Tanaka and Jursa 57 in the laboratory

auroral afterglow as well as by Ung.22 Ung's work was later disputed by

Brennen and Shuman 58 who believed that the observation was merely scat-

tered light from the discharge. From the present observations it

appears that Ung was actually observing a pink afterglow rather than the

Lewis-Rayleigh afterglow, as he believed. The lack of measurable N2(B,

v' > 12) upstream of the pink afterglow in the present measurements

shows that the discharge emission is not the source of high vibrational

levels of the first positive.

Ung 22 further observed that the first-positive intensity for v' < 12 was

proportional to the square of the N-atom density, indicating that N-atom

recombination was the source of lower N2 (B) vibrational levels. In

Ung's work, however, the N2 (B, v' > 12) exhibited an entirely different

effect. Indications were that collisions by excited states were the

source of highly excited N2 (B), although Ung was unable to identify

those states.

It is unlikely that an appreciable density of any electronically excited

N2 mulecule can survive the long flow from the discharge to the observa-

tion region in the present system. Using the diffusion coefficient of

133 cm2 sec-1 (Torr"1 ) measured by Hays, et al., 59 and assuming effi-

cient loss at the walls,60 the average lifetime in the present system is

-. 1 msec. Because of the large quenching-rate coefficient 21'60 of N2 (A)

by N(4S) and the very large increase in the first-positive emission in

the pink afterglow, it is also unlikely that N-atoms leaving the dis-

charge are the souce of the pink afterglow. Additional evidence of the

absence of N(4S) is the low population of the high vibrational levels

relative to the lower levels in the first-positive spectrum, as shown in

19



Fig. 7. Relative populations were calculated by weighting the first-

positive emission intensities with measured2 transition probabilities.

Vibrationally excited ground-state molecules are the most likely precur-

sors of the electronically excited states. Calculations of Piper and

Caledonia 51 have shown up to '- 0.01% of the ground-state molecules to be

in v > 20 in a l-Torr microwave-initiated afterglow after ' 5 msec of

v-v pumping. As the density of N2 (X, v z 25) increases, a collision-

induced spin change could result in

N2(X, v t 25) + M N2 (A) + M (4)

where M is a nitrogen molecule or atom. The mechanism of production of

N ions from N2 (A) and N2(X, v) is poorly understood, but N-atoms seem

to be a byproduct of this process. As the N-atom density increases, the

speed of (4) will increase since the curve-crossing process is more

efficient for the case where an atom is the collision partner.33 How-
4ever, collisional quenching of N2 (A) by N( S) will also increase, limit-

ing the maximum attainable N2 (A) density.

Attempts in this laboratory to observe known effects of N2 (A), such as

observation of Vegard-Kaplan bands and laser-induced fluorescence, in

the pink afterglow have failed. If one assumes that the population of

the N2(A) precursor is < 0.01% of the N2 density, then a conversion

efficiency of 10% would result in an N2 (A) density of only - 1013 cm 3 .

An increase in N2 density is required in order to reach higher N2 (A)

densities. However, as the total pressure is increased, the pink after-

glow is formed further upstream (closer to the discharge). The maximum ''
pressure at which the pink afterglow could be produced with - 150 W of

2.45-GHz microwave input was 15 - 18 Torr. Above this pressure, only

the Lewis-Rayleigh afterglow (first-positive bands) could be observed.

Although it was not possible to maintain a discharge in pure N2 at pres-

sures above -. 20 - 25 Torr in the present apparatus, an atmospheric-

pressure discharge in Ar could easily be obtained. Energy transfer

20
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between the Ar 3P0 and 3P2 metastables and N2(X) results in an

N2 (C) or N2 (B) state molecule; the reported rate constants exceed
l 11l 3 "  1 61,62

10l cm sec- . The application of this reaction is a common

technique for excited-state studies since N2 electronic states can be

created in a low-pressure flowing stream of N2 without also creating

N-atoms. However, at higher pressures, collisional mixing of the

Ar(3Po o 3P2 ) with radiative Ar(3 P 1) levels reduces the effective

metastable lifetime.28 Even more damaging to the lifetime, however, is

the three-body reaction

Ar* + 2Ar o Ar* + Ar (5)

The rate coefficient for this reaction is reportedly
63 = lO 32 cm6

sec -1 . The maximum collisional lifetime at 300-Torr Ar would, thus, be

= 1 usec. Therefore, mixing N2 downstream of an Ar discharge is practi-

cal only at low pressures.

Operating the discharge in a mixture of Ar and N2 at high pressures is

possible only with relatively small quantities of N2. However, mixing

of flowing N2 inside an Ar discharge resulted in the attainment of N2
partial pressures up to -. 200 Torr. This mixing was effected by insert-

ing the N2 flow tube of Fig. 4 into the high-pressure Ar "finger" dis-

charge, as described earlier in this section. With the exit position of

the N2 flow tube corresponding to the downstream edge of the surfaguide,

the discharge changed from a blue Ar finger discharge upstream of the N2

flow-tube exit to a yellow-orange N2 discharge downstream.

The afterglow spectrum resulting from this arrangement shows almost

exclusively the first-positive bands of a Lewis-Rayleigh afterglow.

Only CN emission, a common impurity in N2 discharges,
64 appears to be

present at wavelengths below 500 nm. Figure 8 shows a representative N2
B -A spectrum recorded in the afterglow of a 289-Torr Ar, ll-Torr N2

microwave discharge. Figure 9 shows the B-state relative v' populations

resulting from the measured emission. Since the distribution is indica-

tive of N-atom recombination and no indication of other electronically

22
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excited N2 states is present, it appears that the only long-lived spe-

cies produced by this discharge technique is the N-atom.

In summary, the low-operating-pressure regime of the "pink afterglow"

appears to limit the maximum excited-state density. At N2 pressures

z 10 Torr, N-atom populations will restrict the maximum excited-state

densities. The microwave excitation technique does not seem to be ame-

nable to production of large excited-state densities.
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Section IV

DIELECTRIC-BARRIER EXCITATION

The first report of a nitrogen emission spectrum in a dielectric-barrier

discharge was made in 1939,65 although the coaxial glass configuration

employed had been previously used for the generation of ozone.66  At

that time the discharge was assumed to be composed of a myriad of dis-

charges, each having a very small cross-sectional area. The novel

spectrum seen by the first investigators consisted primarily of second-

positive and Vegard-Kaplan bands of N2 and y-bands of NO. Since that

time the dielectric-barrier configuration--also referred to as an
"ozonizer" or a "silent discharge"--has been used to produce spectra

which are relatively free of the ordinarily strong first-positive spec-
tra. 1 

2

This discharge configuration is unique in that it can operate at high

pressures (in excess of I atm), does not require gas contact with metal

electrodes, and does not heat the gas appreciably.65 However, until the

introduction of metastable transfer emission spectroscopy (MTES)67 less

than ten years ago, little interest was shown in the dielectric-barrier

discharge as a source of metastable A-state nitrogen. The earlier lack

of interest appears to be due primarily to the lack of high-pressure

applications. Most spectroscopic studies on N2 have been performed at

low pressures in order to minimize collision effects; an atmospheric-

pressure source for MTES, however, would make that technique much more

useful.

Recently, large metastable concentrations from a dielectric-barrier dis-

charge have been reported for pressures of t 20 Torr 14'68 and for atmos-

pheric pressure.17,69 These reports are particularly significant to the

present effort because of the involvement of metastable energy transfer.

The initial report of low-pressure studies68 claimed N2 (A) densities of

> 1l 6 cm- , but later it was conceded that the discharge may extend

into the "afterglow" area. 14 The high-pressure studies17'69 do not

specify an N2 (A) density but report achievement of a linear MTES

response for sample densities corresponding to 1013 cm-3 .

26



Unfortunately, these reports contain the erroneous conclusion that the

majority of the metastable transfer of energy occurs in the afterglow.

The low-pressure work 14'68 is particularly misleading. The presence of

second-positive bands more than 100 msec downstream of the discharge

region which exhibit little change in intensity with distance (time) is

a sign of continuous electronic excitation. In this study much of the
"afterglow" region was covered with a grounded conductor,68 and an obvi-

ous current path was detected when a grounded filament was placed in the

observation region, even when a glass-wool plug was inserted between the

discharge region and the downstream observation region. 14  Furthermore,

the flow rate at a pressure of 1 - 5 Torr was only 2 - 5 sccm, much too

low to prevent electronically excited species from destruction at the

walls.

Although the presumption of an afterglow appears to be incorrect and the

discussions of the discharge mechanism and spectral characteristics can

stand improvement, this work demonstrates some useful characteristics of

the dielectric-barrier discharge: (1) at low pressure it was relatively

easy to achieve an extended discharge, well beyond the dielectric-

covered electrodes; (2) when the dielectric was removed from one of the

electrodes, the discharge appeared to exist only within several millime-
68ters of that electrode; (3) low first-positive band intensities were

observed relative to the second positive.

The collisional transfer of energy reported in the high-pressure MTES

studies 17 ,69 also appears to occur in a discharge region. The trace

materials were added into the flowing-gas coaxial-electrode configura-

tion through a small dielectric tube which terminated only %, 5 mm from

the dielectric covering of the center electrode. It is quite probable

that electric-field leakage into this region results in some direct

electronic excitation of N2 and/or the trace species being admitted.

The most thorough analysis of the afterglow of a dielectric-barrier N2

discharge was performed by Noxon.16 His apparatus was configured in a

flowing closed-cycle loop; the discharge was coaxial, having a 3-mm gap,

and the observation region began z 0.5 sec after the gas exited the dis-

charge region. Emission measurements made at pressures ranging from
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20 to 760 Torr are consistent with reasonable afterglow kinetics. Both

the first-positive and the Vegard-Kaplan bands were weak but measurable

using long path lengths or long integrating times. Weak N(2P) emission

was also observed. Impurity emissions of NO (y and 0 bands), NH, CN,

and atomic 0 (297.2 and 557.7 nm) were observed at varying levels,

depending principally upon the source of N2 and the level of scrubbing.

Noxon's careful analysis 16 was based upon the accepted kinetic rates

existing at that time (1961). His calculations show an N( 4S) density of

8 x 101 0 cm"3 existing - 0.5 sec into the afterglow and a Vegard-Kaplan

emission which, using a presently accepted radiative lifetime of
2 12 sec, corresponds to an A-state density of u 1012 cm"3 . Assuming

that three-body atom-atom recombination is the dominant loss process

for N(4S), Noxon's ground-state N-atom density extrapolates to

8.1 x 1010 cm"3 at the discharge exit (using a rate coefficient of

10"32 cm6 sec- 1 , an approximation from Refs. 19 and 70).

Several errors, however, exist in Noxon's analysis, the most serious

being failure to account properly for collisional deactivation of N2 (B).

From an extrapolation of low-pressure data, he assumed that his measure-

ment of first positive (1+) resulted from the emission of one photon for

every forty N( 4S) atom-atom recombination events, independent of pres-

sure.

More recent reports, 7 '34 '36 -38 '71-73 however, have shown the existence

of strong collisional coupling among the N2 (B), N2 (W), N2 (B'), N2(A),

N2 (a), N2 (a'), and possibly even the N2 (X) states at selected vibra-

tional levels. The coupling ability is explained by the close proximity

of the inter-nuclear turning points of these states. The vibrational-

level selectivity is a result of the energy resonance of the neighbor-

ing electronic-vibrational states. For example, the compiled data of

Lofthus and Krupenie 2 show that the N2 (B, v = 6) lies only 21 cm- l

(2.6 x lO"3 eV) below the N2 (W, v = 7). A rate coefficient of

1.3 x 10-10 cm3 sec - I has been measured by Benesch36 for this, indi-

cating that an equilibrium density of W - B will result, even at rela-

tively low pressures.
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The exchange process of W : B becomes even more interesting with the

realization that another close resonance occurs at N2 (B, v = 12) Z N2 (W,

v = 14). The transfer from B P W is exothermic by 32 cm l (4 x 10- eV).

In addition, a two-quanta vibrational relaxation of N2(W, v = 14 - 12)

would be exothermic to one quantum jump of N2 (X, v = 1 - 0) by 47 cm"

(5.8 x 10-3 eV). One would expect this rate to be very fast at atmos-

pheric pressure because of the large background of N2 (X, v = 0). The

energy match of N2 (W, v = 9 - 12) with N2 (B) levels is poor, and the

radiative lifetime of N2(W) is estimated to be < 100 Psec for v' > 4.2

It appears, therefore, that atom-atom recombinations entering the N2 (B,

v = 12) state would not all be seen radiatively in the high v' of the

first-positive spectrum since these molecules would be trapped rapidly

in the N2(W) state and radiatively decay in the infrared to lower v'

values of N2(B). This may explain the appearance of the v' = 6 first-

positive emission recorded by Noxon, although his resolution was not

sufficient to permit conclusions concerning the v' distribution.

Unfortunately, a more-thorough analysis is needed in order to determine

all of the energy matches appearing in the vicinity of the N2 (B). In

the absence of more-accurate quantitative data, a B-state collisional-

loss rate coefficient of 2 x 10-12 cm3 sec "I was applied to Noxon's

data. The result was an increase in his calculated N(4 S) density by a

factor of -. 2 at 74 Torr and by a factor of -. 7 at 760 Torr. A correc-

tion to his listed N(2P) density was also made, based upon a 12-sec

radiative lifetime rather than the - 180 sec specified in his text.

This yielded more reasonable values for the ratio of N(2P)/N(4 S) of -. 1%

at most pressures. Using the correction factor the maximum N( 4S) atom

density of 3 x 1012 cm 3 appears at 74 Torr. If the large rate

coefficient of Benesch36 is applied, this density increases to

2 x 1013 cm"3 . With these two values as the lower and upper bounds,

the atom density exiting the discharge extrapolates to 0.32 -

3.2 x 1013 cm 3 at 74 Torr and 0.06 - 3.7 x 1013 cm-3 at 760 Torr.

Over most of the pressure range, then, Noxon appeared to have 10120

1013 cm-3 N(4S) atom density at the discharge exit. At 1012 cm-3 den-

sity the quenching rate of discharge-produced N2 (A) by N(
4S) would

be approximately exponential with a 20-msec time constant, assuming
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(N (A)] >> [N( 4), [ )] denoting number density. This means that one-

half of the N2 (A) states are quenched within the first -.- 15 msec after

exiting the active discharge region. At the higher atom density of

I013, only -. 0.1% of the discharge-produced N2 (A) would still exist

15 msec into the afterglow region. If the atom density can be limited

to % I012 cm 3, then quenching of metastables by N(4S) can be tolerated.

As mentioned previously, the density of the N2 (A) state observed by

Noxon was . 1012 cm"3 . This is calculated using the currently accepted

radiative lifetime2 of 2 sec and assuming [N(4 S)] = 1012. That is, only

one photon will be seen for every x, 100 molecules existing. If the atom

density had been significantly higher than 1012, the N2 (A) might have

been several orders of magnitude higher at the discharge exit.

It should be noted here that Caledonia, et al., 41 present an alternative

mechanism as the source of the first positive observed by Noxon. They

show that the observed B - A emission at high pressures can be explained

by the pooling of two N2 (A) molecules, although this argument does not

agree with the limited lower-pressure data.

The mechanism of excitation within a dielectric-barrier discharge is not

well understood. As mentioned previously, the original paper by Wulf

and Melvin 65 described the discharge as being composed of many dis-

charges having small cross-sectional areas. Several recent reports on

discharges between dielectrics 74 and on ozonizer discharges I11 12 ,75 have
74

confirmed this observation using pure 02 or air. Bagirov observed

that as the gas pressure decreased, the number of microdischarges

increased--but the energy of each microdischarge decreased. Hirth,

et al., 1 measured some of the characteristics of the individual micro-

discharges and found the diameter to be -, 0.1 mm, the time duration to

be a few nanoseconds, the current density to be a few kiloamperes per

square centimeter, and the gas temperature to be high. Kogelschatz11

reported -. 0.1 - 1 nC of charge transferred in each microdischarge, with

the value increasing with an increase in pressure or gap spacing. He

also reported an electron density of 1014 - 1015 cm-3 and the value of

the electric field in the gap to be near the critical value where ioni-

zation is approximately equal to attachment.

30



The report of Heuser and Pietsch75 on the spatial distribution of ozone

is interesting. For a fast pulse the concentration of 03 was fairly

uniform along and across the gap. For a slowly varying sine-wave exci-

tation, however, the ozone concentration was greater near the electrode/

dielectric surfaces and was at a maximum at the dielectric-covered

anode. This indicates the possibility of anode space charge (electrons)

playing a role in 02 + 0 recombination. If this effect also exists in

the N2 dielectric-barrier discharge, the low number density (relative to

RF and conduction discharges) of N(4S) atoms may be explained by a rapid

recombination within the discharge region. This, in turn, may represent

a fast source of N2 (A). Unfortunately, the space charge may also serve

as an efficient quencher of molecular or atomic metastables through col-

lisions of the second kind.

The preceding discussion points out the difficulties in using existing

data and theories to determine the suitability of the dielectric-barrier

configuration as a source of metastable N2 in usable quantities

(Z 114 cm-3 ). Consequently, the coaxial dielectric-barrier discharge

tubes shown schematically in Figs. 10 and 11 were constructed. The

arrangement of Fig. 10 was used for radial measurements of discharge and

afterglow spectra, while the apparatus of Fig. 11 allowed for long-path-

length axial observation of the afterglow.

The outer electrode was connected to ground potential; and a bipolar,

approximately sinusoidal electrical waveform was applied to the inner

cylindrical conductor. The electrical circuit is described in Section

VI; the voltage was variable from 0 to ± 12 kV (peak), and the normal

operating frequency range was 5.5 - 7.5 kHz. The discharge gap was

selectable in the range 1 - 3 mm by appropriate selection of the inner

glass tubing.

Bottled N2 (Matheson purity, 5 ppm maximum impurity) and Ar (Airco Grade

5.8) were mixed upstream and passed through a purifier before entering

the discharge tube. The active material of the purifier, T-resin,76 has

been reported to reduce oxygen impurities from an initial 100 ppm to
772< 50 ppb. 77 After leaving the filter, the gas passes over - 90 cm2 of

OFHC tubing, - 320 cm2 of quartz or Pyrex tubing, and < 1 cm2 of exposed
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Viton O-rings. From the arguments presented in Section III, the maximum

impurity level due to wall outgassing would be ,, 0.6 ppm at 1000 sccm

volume flow rate upon first sealing the system; this rate would then

drop to -. 60 ppb after nu 10 hr of opertion, assuming that vacuum outgas-

sing rates apply. In contrast to the microwave experimental setup, the

gas purity of the dielectric-barrier configuration is limited by the

outgassing of the walls, but the total purity is improved over the

microwave setup by at least one order of magnitude.

Figure 12 shows typical voltage and average-current waveforms for the

setup of Fig. 10. The current waveform represents an average of 256

traces of the total discharge current. A single-shot current waveform

is shown in Fig. 13 and is consistent with previous observations dis-

cussed above that the discharge is not diffuse but is actually composed

of many small discharges.

The macroscopic operation of the discharge is illustrated by the wave-

forms of Fig. 12. The 337.1-nm emission is, in general, proportional to

the discharge current. The current waveform has two components, 1) dis-

placement current due to charging of the dielectric, and 2) discharge

current. The total current as well as the emission is zero at the peak

of the voltage waveform. No significant current is flowing at this

point. As the voltage changes, however, displacement current flows in

the two dielectrics as well as in the gap.

Figure 14 shows an equivalent simplified circuit. During continuous

operation, the discharge extinguishes whenever the glass dielectrics

have charged sufficiently that the gap voltage becomes small. As the

switch of Fig. 14 reverses the polarity across the series capacitors

(discharge tube), the majority of the voltage drop is seen on the gap

since CG is small compared to the capacitance of the dielectrics. As

the gap voltage becomes sufficiently large to effect a breakdown, the

gap takes on the characteristics of a variable resistor [RG of Fig.

14(b)], with the voltage drop being determined by the overall tube

voltage less the drop across the charging dielectrics.
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The current flow in the circuit is a function of the gap voltage and

discharge kinetics and cannot be modeled easily. This limits the

ability to calculate a self-consistent gap voltage. However, if one

assumes that the gap voltage is approximately zero at the peaks of the

measured waveform, then the time integral of the measured current wave-

form can be scaled to the voltage waveform and an equivalent gap volt-

age, and thus E/N, can be calculated.

Figure 15 shows the result of this calculation applied to the waveforms

of Fig. 12 for the 50 - 150 psec interval. Discharge initiation occurs

with - 3600 V on the 3-mm gap. For the 200-Torr pressure within the

gap, the initial breakdown field corresponds to E/N = 180 Td. Unlike

volume discharges, however, a high E/N is maintained for a significant

period of time. As a localized arc is formed within the gap, the local-

ized E/N falls, extinguishing the arc, followed by an increase in local-

ized E/N. The end result is the deposition of power into the gas at a

much higher E/N than possible in a discharge gap having no dielectric

ballast.

The emission spectra of the dielectric-barrier discharge reveals several

interesting characteristics. First, the first-positive spectrum in pure

N2 shows little emission from the high vibrational levels. Instead, as

shown in Fig. 16, the 575 - 615 nm region consists primarily of the

Gaydon-Herman green system (H 3 u - G3a ). This is the region in which

the transition probabilities for the first-positive bands are greatest

for the commonly observed v' = 9 - 12.

In the 620 - 690 nm region, however, emission from the lower vibrational

levels of the first positive is observed. Figure 17 shows the relative

N2 (B) vibrational population indicated by the emission intensities of

Fig. 16. The presence of low v' in the absence of high v' of the first-

positive system indicates that N(4S) atom-atom recombination plays only

a minor role, if any, in formation of the N2 (B). Direct electronic

excitation and N2 (C) radiative transitions are the most likely B-state

populating mechanisms.

Secondly, the emission spectrum shows the presence of several highly

excited electronic states--the Herman infrared (exact upper level
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unknown but suspected to lie near the H3 u), the Gaydon-Herman green

system with the H3su, v = 0 lying at "- 13.1 eV, and the second positive

with the C3nu, v = 0 at ' 11.1 eV. Figure 18 shows the Herman infrared

spectrum; the second-positive spectrum is displayed in Fig. 19. By far,

the most intense emission is within the second positive. The intensity

scale of Fig. 19 is more than two orders of magnitude larger than the

scales of Figs. 16 and 18.

A third interesting feature of the dielectric-barrier-discharge spectrum

is the very small amount of first-negative N2 emission compared to sec-

ond positive. Although N+(B, v' = 0 - 2) are measured, the most intense

line v' = 0, v" = 0 at 391.4 nm is only -. 0.3% of the 337.1-nm v' = 0,

v" = 0 second positive.

The spectra discussed above were taken near the downstream end of the

discharge tube. As shown in Fig. 10, the inner electrode extends

- 0.25 in. beyond the outer electrode. The above spectra were recorded

in the center of this open region. By positioning the spectrometer

field of view near the downstream edge of the inner electrode, the

effect of electrode polarity can be observed. Figure 20 shows the rela-

tionship in time between the second-positive 337.1-nm emission and the

391.4-nm first negative. The half-cycle at which the 391.4-nm emission

is minimal corresponds to the half-cycle during which the inner elec-

trode (maximum field of view) is the anode. This is reasonable since

the N2 ions would not be expected to survive for a long period of time

in the area of maximum electron density.

Figures 21 and 22 show the temporal relationship of emission recorded

in the center of the extended region and near the edge of the outer

electrode, respectively. It is interesting to note that the 662.4-nm

emission (v' = 6, v" = 3) of the first-positive system follows the

second-positive system in timing, indicating either a similar excitation

mechanism or radiative coupling.

From the discharge observations discussed above, it appears that the

mechanism for population of the N2 triplet manifold in a pure N2
dielectric-barrier discharge is via electronic excitation and cascading.
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As confirmed by others, no evidence of significant N-atom population is

found in the discharge. Neither was evidence of significant N2 (A3 E)

population in the afterglow found. Laser-induced fluorescence (LIF)

measurements--discussed in Section V--having a lower detection limit of

1012 cm"3 of N2 (A, v = 0) gave no indication of N2(A). Although some

second-positive emission is seen in downstream scans, this radiation was

found to be temporally synchronized to the discharge emission, indica-

ting that the measurements were merely the result of discharge-emission

scattering. Even utilizing the axial afterglow arrangement of Fig. 12 at

a flow rate of 3 atm-t/min., no Vegard-Kaplan emission could be

detected; this is in contrast to the careful measurements of Noxon.
16

Unfortunately, the power source limited the power deposition into the

discharge to < 40 W average in the present system.

A measurable first-positive spectrum was observed in a dielectric-

barrier discharge of Ar, with small quantities of N2 being present.

Figure 23 shows the observed spectra in the discharge (downstream end)

and in the afterglow (viewed axially in the apparatus of Fig. 11). The

Ar pressure was 592.6 Torr, and the N2 pressure was -. 7.4 Torr (1.2%).

The total flow was 2.8 atm-t/min.

Figure 24 shows the relative populations of the v' levels of the Ar/N2

discharge, calculated by applying measured transition probabilities 2 to

the measured intensities of Fig. 23. The populations within the dis-

charge are very similar to those observed by Setser, et al. 61 in mea-

suring the Ar* + N2 energy-transfer reaction in a low-pressure flowing

afterglow apparatus. It appears, then, that metastable energy transfer

from Ar*(3P2 ,0 ) occurs in the high-pressure mix within the discharge.
The first-positive emission in the high-pressure afterglow, however, is
dominated by high v' levels, indicating that N-atom recombination is the

source of N2 (B). Visually, the afterglow resembled the Lewis-Rayleigh

afterglow.

The afterglow region was searched for the presence of Vegard-Kaplan

bands as well as LIF on the N2 (B - A) transitions. No evidence of sig-

nificant N2 (A) could be found.
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Section V

DIAGNOSTICS

The major technique used to gather data in the previous sections was

emission spectroscopy. Alternative techniques for the detection of

N( 4S) and N2(A) were employed with little success. A discussion of

those techniques and their limitations follows.

RAMAN SCATTERING

The possibility of utilizing Raman scattering in measuring the vibra-

tional population of the "pink" afterglow was examined. The number of

photons reaching a detector (E s) resulting from the non-linear Raman

process is related to the number density (N) of the probed state by
78

Es = Et at -t NLie (6)

where EI is the number of laser photons illuminating the detected vol-

ume, a I the scattering cross sction, v and vs the optical frequencies

of the laser and scattered light, respectively, L the length of the sam-

ple in the direction of the laser beam, o the solid angle, and e the

optical efficiency of the detection system. The following values apply

to the microwave-excited flowing afterglow arrangement:

E s  1017 photons/pulse (at 600 nm)

6 x 1017 photons/pulse (at 308 nm)

= 2.19 x 10-31 cm2 ster -l mol- 1 (at 600 nm)

3.15 x 10-30 cm2 ster -1 mol "I (at 308 nm)

VS
vs

L =0.5cm

= 0.01 ster

e 0.1%
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The values of o are derived from the measured value
79 of 5.4 x 10-3 1

cm2 ster-1 moP1- and adjusted for a fourth-power dependence upon fre-

quency.

Assuming a detector (photomultiplier) quantum efficiency of 20%, a sig-

nal of one count for every two laser pulses will result from scattering

of a 600-nm laser pulse by v = 0 of ground-state nitrogen at atmospheric

pressure. This signal is improved to 57 counts/pulse if the 308-nm

output of the XeCl laser is used directly. Unfortunately, the detec-

tor signal decreases to one count for every five pulses when probing

(308 nm) at the 3-Torr pressure of the pink afterglow, and the signals

from higher vibrational levels are reduced in proportion to the decrease

in number density. Raman scattering is, therefore, not practical for

use on the pink-afterglow experimental setup.

Even at the higher pressures of the dielectric-barrier arrangement, the

population of v' 1 would not be expected to exceed l0-4 times the

population of v' = 0. Resulting signal strengths would not be suffi-

cient for reliable measurements in the electrically noisy environment of

this discharge.

LASER-INDUCED FLUORESCENCE

The first report of LIF on the N2 (B - A) transitions was in the 1976

work of Heidner, et al. 72 Since that time, the technique has been

applied to the study of collisional mixing of the N2 B, B', and W

levels. 34'35'37'38'80'8 1 All of these measurements have been made at

pressures of 10 Torr or less and in systems relatively free of first-

positive emission. Application of this technique to the low-pressure

pink afterglow discussed in Section II proved to be impractical because

of the large naturally occurring first-positive radiation. Even in the

dark spaces preceding and following the bright-pink glow region, it was

not possible to decrease the scatter originating in the pink-glow region

sufficiently.

At the higher pressures of the dielectric-barrier afterglow, however,

first-positiveemission was essentially absent. Also, at these pressures
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(200 - 760 Torr), it is expected that the majority of the N2(A) mole-

cules lie in the v = 0 level. Consequently, it was hoped that pumping

on the N2 (B, v' = 4) (A, v" = 0) transition would result in radiation

from the (B, v' = 4) - (A, v" = 1). However, no LIF was observed.

Three possible explanations for failure to observe LIF are as follows:

1) poor alignment or othor factors affecting detection efficiency,

2) rapid collisional quenching of the radiating level, and 3) insuffi-

cient sensitivity of the LIF process to the state being probed.

Although some improvement in detector signal can be expected by install-

ing windowed ports for pumping and viewing, the cylindrical walls of the

afterglow region do not significantly attenuate either pump or fluores-

cence radiation. The most detrimental effect of the tube wall is exces-

sive scatter of the pump beam which may swamp the low-level fluorescence

signal. The 1/2-m Ebert scanning spectrograph was found to be generally

unable to reduce the interference of the scattered pump beam to accept-

able levels. However, the use of a glass cut-off filter in conjunction

with the spectrometer eliminated this interference. The main effect of

the tube walls, then, was imposition of a limit on the power density of

the pump beam; tight focusing would damage the quartz walls.

The major factor affecting detection efficiency of the LIF system was

alignment of the detector optics with the pump region. This problem was

particularly acute when searching for an LIF signal. Originally, the

spectrometer was aligned to the position of maximum scatter of the pump

beam, but this was found to produce unreliable data due to confusion

caused by multiple wall reflections. A method found to be more accept-

able was the use of the Raman-scattered signal in atmospheric-pressure

N2. Throuqh use of a 600-nm pump wavelength, the position of the detec-

tion optics could be adjusted by maximizing the detector signal result-

ing from the 679.6-nm Stokes radiation.

An interesting benefit of the use of the Raman signal for alignment

was an indication of the sensitivity of the fluorescence-measurement

arrangement. As discussed above, the number of photons reaching the

detector (E s ) is related to the pump beam (E ) by (6). From the
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measurements made, one photon was detected for every 1.3 pulses of an

15-mJ, 17-ns pump pulse, resulting in

Loe = 1.4 x 10-6 cm-ster (7)

This measurement was made with a 400-um wide x 2-mm slit opening and a

15-cm lens positioned for one-to-one imaging. Assuming a 0.01-ster

viewing angle and a height limited to 1.7 cm by the spectrograph effec-

tive aperture ratio of 8.6, the overall system efficiency which could be

expected for fluorescence measurements was 1.8 x l0- . That is, one

photon will be observed by the photomultiplier for every -. 5600 isotrop-

ically scattered photons along the pump beam.

The Raman-scattering cross section for the above conditions was

1.4 x 10-3 cm2 ; the signal was observed at atmospheric pressure.

Therefore, if one expects the N2 (B * A) single-photon LIF cross section

to be on the order of 10l 17 cm2, it would appear that N2 (A) densities on

the order of 5 x 106 cm"3 should be detectable with the present arrange-

ment.

Quenching reactions, however, would be expected to decrease the sensi-

tivity of the LIF technique, although collisional quenching reactions of

the N2 (B) are not well understood. Vibrational relaxation by N2 (X)

would not be expected to be fast since the vibrational-energy spacing of

the B-state varies from the spacing of the X-state by more than 700 cm-
1

at v = 0 and increases with increasing vibrational number.2 Multi-

quanta relaxation, invoked to explain the observed relaxation of the

A-state and selected levels of the W-state, is also improbable due to

large energy separations. However, intersystem crossing of the B-state

with the A- and W-states--and, to a lesser extent, with the B'-state--

has been reported by numerous authors. Sedeghi and Setser3 5 report a

rate coefficient of 1.8 x 10l12 cm3 sec- I for transfer of the B, v = 4

into the W-state with Ne bath gas and comment that a larger reaction

rate would be expected in pure N2.
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It appears then that the rate coefficient for collisional quenching of

the N2 fluorescing level (B, v' = 4) would be on the order of

l0-12 cm3 sec-1 which would result in an effective lifetime of -, 150 ns

at 200 Torr total pressure and only -. 40 ns at atmospheric pressure.

This is a significant reduction when compared to the radiative lifetime

of 6.5 us. That is, only -. 2% of the molecules in the upper level will

radiate when the pressure is 200 Torr and only -. 0.6% will decay by

radiation at 1 atm.

These numbers will be further reduced when taking the fluorescence
.2

branching ratio into account. From measured transition probabilities,

19% of the total radiation of the v' = 4 level will occur on the

v' = 4 -1 v" = 1 transition.

In addition, since N2 is a molecular gas, rotational energy distribution

allows only a portion of the vibrational-level population to be pumped;

this is a function of gas temperature. From the compiled data of

Lofthus and Krupenie,2 the bandhead of the N2(B, v' = 4) - (A, v" = 0)

transition corresponds to the P-branch of J" = 14. At a gas temperature

of 300 K, N 5% of the molecules in the lower level are in the J" = 13

and 14 for which the P-branch transition energies vary by only

0.01 cm-1 . Another , 5% of the A, v" = 0 molecules lie in the J" = 12

and 15 levels which have P-branch energies which are ' 0.3 cm-1 larger

than the J" = 13 and 14 and are separated by 0.04 cm- . If one assumes

absorption linewidths of " 0.1 cm- and a pump linewidth of % 0.2 cm- l,

-- 5 - 7% of the N2 (A, v" = 0) molecules are accessible by the probe

laser at the P-branch bandhead. At 600 K gas temperature, ". 7 - 9% of

the molecules are in the probe region and ", 8 -10% are accessible at

1000 K. The limited linewidth of the absorption, however, will decrease

the effective pumping efficiency by 50% for an overall efficiency at

room temperature of n 2.5 - 3.5%. Reducing the probe linewidth would

improve the situation, but use of an etalon in the Lambda-Physik dye

laser also reduces the power of the pump beam.

Collisional redistribution of the rotational energy in the upper fluo-

rescing levels (J') may further reduce the LIF efficiency. At room

temperature, " 8% of the N2 (B' 4) molecules lie in the J' 11 and 12
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(bandhead for v' = 4 - v" = 1) levels. However, v 50% of the P-branch

emission falls within the " 0.3-nm linewidth of the spectrograph (400-um

slit width). If one assumes that approximately one-half of the emission

will occur in the P-branch (the other half occurring in the R-branch),

then -. 25% of the upper-level fluorescence should be detectable.

Inaccuracy in wavelength positioning was not a factor. The scanning

spectrometer could be tuned to the appropriate wavelength by directing

some of the discharge emission to the entrance slit. In addition, wide

slit widths (200 - 400 um, corresponding to 2.5 - 5 nm FWHM) were gener-

ally used, resulting in some forgiveness for a slight wavelength mis-

alignment. The proper wavelength positioning of the Lambda-Physik dye

laser (Model 2002, pumped with a Model EMG1O3MSC Excimer Laser) was

determined by inserting an opto-galvanic cell in the dye-laser path.

This cell is shown schematically in Fig. 25. By appropriate choice of

dye, a rich opto-galvanic spectrum of the B - A system was obtained in

3.5 Torr of flowing N2. Although the shape of the opto-galvanic spec-

trum varied from that reported by Feldmann,82 the bandhead position

(typically triple-peaked) for the needed transitions on the Av = 4

sequence was obvious. Generally, the procedure was to set the spec-

trometer to the emission bandhead peak and then scan the dye laser

within the vicinity of the optically determined bandhead peaks. The

alternative method was to fix the dye-laser wavelength and scan the

spectrometer.

In summary, for the typical conditions of 200-Torr pure N2 at room tem-

perature, " 3% of the N2(A, v" = 0) molecules can be pumped to the

N 2 =(B, v' 4) level. Approximately 2% of these molecules will radiate;

19% of the radiation will be on the v' = 4 -* v" = 1 transition; and

25% of this radiation will fall within the wavelength range of the

detector. This results in an overall LIF efficiency of ,, 2.9 x 10-.

From the Raman signal discussed above, an estimate of the minimum den-3 +
sity of the N2 (A Eu, v = 0) detectable with the present LIF system is

101l cm 3 . In addition, it should be pointed out that the Raman scat-

tering signal could be detected only when the dye-laser system was

operating at its peak efficiency, with fresh dye and a fresh gas fill in

the excimer pump laser. After a day of operation, the dye-laser output
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power had decreased sufficiently that the Raman signal was not clearly

discernible. In other words, a more reliable estimate of LIF sensi-

tivity would be 5 - 10 x 1011 cm"3 at 200-Torr pressure. Because of the

increased rate of collisional quenching at increased pressure, the sen-

sitivity at atmospheric pressure is estimated to be no better than

1012 cm-3

As mentioned above, no LIF on the N2 (B - A) system has been detected.

It appears likely that the density of N2 (A) in the high-pressure dielec-

tric barrier afterglow system was not sufficient for detection with the

existing LIF arrangement. This is consistent with the careful work of

Noxon16 which yielded an afterglow density of N2 (A) of < 012 cm 3 .

NO TITRATION

Titration of NO as a measurement technique for N( 4S) atom density has

been extensively applied.1  The basic reaction is

(4S) + kl

N( S)+NO - N2 + 0 (8)

with a rate constant83 k8 of 3.6 x lO" 11 cm3 sec- . Armstrong,

et al.,56 have demonstrated the applicability of NO titration to cali-

bration of the absolute spectral response of a detection system by

observing the decrease of the first-positive emission and the increase

of the air-afterglow emission with increasing concentrations of NO.

That is, at low pressure the N2 (B) - N2 (A) afterglow emission results

predominantly from
N( S) + N(4S) + M K-2 (B31g) + M (9)

followed by

N2 (B) - N2 (A) + hvI (first positive) (10)

where k9 = 10
-32 cm6 sec 1 (see Refs. 19 and 70) and the radiative life-

time 2 of N2 (B) ranges from 8 psec for v' = 0 to 4.1 usec for v' = 12.
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In the absence of competing reactions, then, the amount of 0-atoms

resulting from (8) is proportional to r 1"7,7- As excess NO is added

beyond the titration end point, the air afterglow is observed from

0 + NO -. products - hv (air afterglow) (11)

Instrument spectral response can then be calibrated using measured

rates56 for (11).

Unfortunately, limitations of this technique are encountered for pres-

sures z 1.5 Torr when a pressure dependence is encountered for (11).

That is,
84

0 + NO + M - NO* + M (12)

In addition, collisional quenching of NO* becomes a significant inter-

ference reaction to (11). It is also conceivable that although the N2

B-state is populated by N-atom recombination, collisional quenching lim-

its the first-positive radiation to levels below the detection limit of

the diagnostic system. Therefore, in the absence of first-positive

emission at high pressures, NO titration is not applicable as a measure-

ment technique for N(4 S).

In the absence of N(4 S) at high pressures, however, the major source of

NO y-band radiation should be the result of

N2 (A) + NO(X) N2 (X) + NO(A) (13)

Unfortunately, the very fast radiative lifetime of NO(A) and the compli-

cated mixing pattern within the afterglow tube do not allow a simple

relationship among NO-density, N2(A)-density, and NO y-band intensity.

That is, one NO molecule could effectively radiate many times due to

collisions with many N2 (A). In addition, NO diffusion upstream and
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subsequent interaction of NO within the discharge field--particularly NO

ionization--further complicate the titration mechanism. NO titration

techniques are, therefore, of limited use in the high-pressure

dielectric-barrier arrangement.
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Section VI

EXPERIMENTAL EQUIPMENT

Commercially available equipment was utilized for experimental control

and data acquisition whenever possible. For the microwave discharge

studies, spectral recordings were made using standard strip-chart

recording techniques, and a Hewlett Packard Model 320 performed auto-

mated control and recording for the later dielectric-barrier discharge

measurements. A Jarrell Ash model 82-000, 1/2-m Ebert Scanning Mono-

chromator provided the wavelength selectivity, although the motor-drive

mechanism was modified for stepper-motor control (Fig. 26). This con-

trol enabled independent selection of speed and synchronization with a

Linseis Model L4100 Digital Chart Recorder as well as remote control of

the stepper motor by the HP320.

Two photomultipliers were utilized as the photon detectors. An EMI

9659QB with extended S-20 cathode was used in initial microwave after-

glow measurements and in cases where high speed was required. A cooled

Hamamatsu R758, having a Cs-doped GaAs photocathode with fused silica

window, was used in a photon-counting mode for the majority of the

dielectric-barrier-system measurements.

The custom-made power source for the dielectric-barrier discharge is

shown schematically in Figs. 27 (power drivers stage) and 28 (control

logic). This system is essentially an inverter power source utilizing

power MOSFET transistors as switching devices and a step-up transformer

ratio of 67 to achieve the high-voltage output. The discharge is an

integral part of the resonant output circuit; a change in discharge-tube

capacitance would vary the resonant frequency. Variation of the series

inductor (presently 572 vH) provides the frequency selection.

Photon counting was performed via computer control of a Hewlett-Packard

5334A Universal Counter, with timing controlled through the digital

delay module of Fig. 29. Figure 30 is a schematic diagram of an analog

module, constructed for counter control as well as general timing

requirements. LIF synchronization was provided through the simple LED

detector circuit of Fig. 31. The spectrometer control circuit,
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Figure 26. Electrical Schematic of Spectrometer Stepper-Motor
Drive Circuit.
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HV oscillator driving logic, and digital and analog delay modules were

constructed in modular form and installed in a rack-mounted cage. Fig-

ure 32 is a schematic diagram of the cage power supply.
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Section VII

CONCLUSION

Two electrical-discharge excitation configurations were selected for

evaluation as techniques of generating a high density of energetic

metastables in flowing, gaseous N2. The surface-wave microwave appli-

cator was promising because of the reported ability to operate at high

gas pressures (-. I atm). Also, it was found that this technique could

readily produce the hi.ghly excited electronic states found in the poorly

understood "pink afterglow." The dielectric-barrier discharge, also not

well understood, was the second configuration studied. This choice was

based upon literature reports of large metastable densities in flowing

N2 afterglows.

The microwave technique was found to be incapable of coupling sufficient

power to the N2 to effect a discharge at pressures z 20 Torr without a

buffer gas being present. When Ar was utilized as the buffer gas and

the N2 was mixed at a point within the Ar discharge, only the Lewis-

Rayleigh afterglow was observed downstream of the discharge region at

high pressures. The observed spectral distribution led to the conclu-

sion that N(4S) atoms were the major source of excited states in the

afterglow. Due to the reportedly high quenching reaction rate of N-

atoms with N2(A3 E) metastable states, the high-pressure surface-wave

technique was judged unacceptable as an excited-state generator.

The low-pressure N2 surface-wave-produced "pink afterglow" was studied

briefly. Although electronic states lying > 20 eV above v = 0 of
ground-state N2 were observed > 10 msec into the afterglow, the excited

state leaving the discharge could not be identified. Considering the

low operating pressures necessary for production of this afterglow, the
probability of attaining a high density (> 1015 cm3 ) of electronically

excited states is low. Therefore, the microwave surface-wave technique

does not appear feasible as an electrical excitation source of high-

density metastables.

Published reports of a high density of the N2(A3 E) in an afterglow of a
dielectric-barrier discharge were judged to be erroneously optimistic.
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Measurements in this laboratory show the presence of electronically

excited states within the discharge region only. No evidence of sig-

nificant N2 (A) or other excited state could be found in the afterglow

using detection techniques with a minimum sensitivitiy to the N2 (A)

state of , 1012 cm"3 . When Ar buffer gas was utilized with N2, effects

were observed indicating that the transfer of energy between the Ar(2P)

metastables and N2 did occur within the discharge; however, the Ar/N2

afterglow was characteristic of a Lewis-Rayleigh afterglow, indicating a
4 -large N( S) atom density. Therefore, the dielectric-barrier discharge

technique was also judged incapable of producing a large population of

long-lived excited states in a flowing afterglow configuration.

Although the radiative lifetime of the N2 (A3 E+) is - 2 sec., this effort

showed that the collisional lifetime at presures of 100 - 760 Torr is

much shorter. A great deal of effort is still needed in order to under-

stand the collisional-mixing effects of the myriad of N2 electronic

states lying in close energy resonance to each other.

It is concluded that the N2 (A
3z+) is useful as an energy-transfer inter-

mediary at high densities only if the target species is present within

the discharge volume. The only species created in an N2 electrical dis-

charge which is capable of surviving for a significant period of time at

significant densities appears to be the N( 4S) atom. It is recommended

that future work explore the use of the N-atom as the energy-storage

medium.
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