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I. INTRODUCTION

Under this program PSI developed a resonance lamp to be used to mea-

sure number densities of N(2D) and N(2p) in the COCHISE facility1 using the

technique of vacuum ultraviolet resonance absorption. The lamps consist of

sapphire tubes through which argon containing a trace of molecular nitrogen

flows. A low power microwave discharge through the gas excites the VUV reso-

nance lines which are diagnostic of the atomic nitrogen metastables (149.3 nm

for N(2D) and 174.3 nm N(2p)). An interference filter is used to isolate the

appropriate resonance multiplet, and the radiation, after traversing the

COCHISE reaction zone twice, is detected with a solar-blind photomultiplier.

We have discussed in detail previously the criteria important in de-

signing VUV resonance lamps, 2 and have presented papers on the subject at the

Technical Symposium East '81 of the Society of Photo-Optical Instrumentation

Engineers3 and at the 34th Gaseous Electronics Conference.4 The important

issues are the sensitivity of the diagnostic, the ease of implementation of

the diagnostic, and whether or not the sensitivity of the diagnostic changes

with temperature. The sensitivity of the diagnostic and its temperature de-

pendence both are controlled by the mechanisms within the lamp which govern

emission-line excitation. Lamps filled with helium bath gas are excited by

electron-impact collisions, whereas those with argon bath gas are excited in

the transfer of energy between metastable argon atoms and ground-state nitro-

gen atoms. Since the exoergicity of the energy-transfer is somewhat larger

than the prevailing kinetic temperature in typical low-power-microwave reso-

nance lamps, the translational temperature of the excited nitrogen atoms pro-

duced in the energy-transfer reaction will be somewhat greater than that from

atoms excited by electron impact. Thus the emission lines in the argon lamp

will be broader than in the helium lamp with a concomitant decrease in the

sensitivity of the absorption diagnostic in the argon lamp.

The prevailing kinetic temperature in a microwave lamp in a room tem-

perature environment can be determined by measuring the rotational temperature

of OH emissions when a little H20 has been added to the discharge. At room

temperature, typical plasma temperatures are about 500 K in a 12 mm diameter



lamp operated with about 20 watts of discharge power. The lamp kinetic tem-

perature will be less in the cold environment of the COCHISE facility, but the

extent of cooling cannot be determined easily.

The exoergicity of the energy-transfer reaction between metastable

argon atoms and ground-state nitrogen atoms is unaffected by changes in ambi-

ent temperature. Thus the effective kinetic temperature of the excited nitro-

gen atoms in an argon lamp should remain constant in cooling the lamp from

300 K to 80 K. Therefore, even though the sensitivity of the argon lamp is

somewhat less than that of the helium lamp, the uncertainty in the calibration

carried out on a room temperature facility should be much less in an argon

lamp at 80 K than for a helium lamp at 80 K. We chose to build an argon lamp

for the COCHISE measurements because the calibration should be unaffected by

cooling. In addition, the argon lamp is easier to implement in COCHISE be-

cause no additional plumbing is required to exhaust the gas flowing through

the discharge lamp.

In the following sections of this report, we will describe the absorp-

tion diagnostic that we have built and discuss its operating characteristics

including an estimate of the sensitivity of the diagnostic. We also will dis-
cuss some of the calibration experiments which we ran on the FAKIR facility.

In Appendix A we present a complete text of the paper given at the SPIE meet-

ing which describes in detail the theory of resonance line absorption, the

various sources of resonance-line broadening in VUV line sources, and the ex-

perimental facility used in these experiments. In Appendix B we have compiled

drawings of components of the VUV diagnostic which we delivered to the Air

Force Geophysics Laboratory in September, 1981.

2



2. DESCRIPTION OF COCHISE VUV RESONANCE LAMP

The immediate purpose of the vacuum-ultraviolet (VUV) resonance ab-

sorption diagnostic for the COCHISE apparatus is to measure the absolute con-

centrations of N(2D) and N(2p) in the reaction zone in o-der to relate those

quantities to the NO infrared chemiluminescence observed in the reaction of

active nitrogen with oxygen.5 Establishing a working diagnostic for these

species will allow longer range development of similar diagnostics for other

atomic species such as N(4 S), O(3p), and H(2S).

The metastable species N(2D) and N(2p) absorb radiation from their

resonance multiplets at 149 nm and 174 ram, respectively.6'7 In this section

we outline how this method is to be applied to the COCHISE experiment. We

present the general design of the optical system, review briefly the resonance

absorption method, and examine the sensitivity of this application.

The VUV diagnostic PSI has built for COCHISE uses the optical configu-

ration illustrated in Fig. 1. Radiation from a resonance-line source mounted

on the IR mirror flange is directed through the center of the reaction cell,

reflected from a plane MgF2-coated mirror mounted on the IR lens baffle, and

viewed by a solar-blind photomultiplier tube located on the IR mirror flange.

Baffles on the source and detector eliminate scattered light. The line source

is a simple flow system in which the NI resonance radiation is excited by a

microwave discharge through 1-5 torr of Ar containing trace amounts of N2 ,

the design criteria for the line source are discussed further in Appendix A.

A MgF2 window isolates the line-source gas from the reaction cell. The temp-

eratures of the line source, mirror, and filters will be monitored and con-

trolled by Pt resistance thermometers and resistance heaters similar to those

now in use at numerous locations throughout the apparatus. Design drawings of

the lamp components are in %ppendix B.

The diagnostic configuration for COCHISE samples symmetrically through

the center of the reaction zone, and does not compromise the infrared detec-

tion system. Using a monochromator to separate the N(2D) and N(2P) resonance

3
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multiplets as in conventional experiments is impractical in the COCHISE appli-

cation. Thus appropriate filters are used to isolate the desired multi-

plets. The N(2p) 174 nm multiplet can be isolated from features at longer

and shorter wavelengths by a suprasil window (A > 160 nm) coupled with a

solar-blind photomultiplier tube (A < 190 nm). The N(2D) 149 nm multiplet can

be separated from the 174 nm lines and from the 01 130 nm triplet (which may

also be produced by the line source) using a special dielectric-stack coating

upon a high-grade quartz or MgF 2 substrate. The latter filter is an adapta-

tion of a UV-laser-reflector coating;8 the coating in this case is designed to

reflect at 174 nm, and transmit at 149 nm. Similar filters have been used

* successfully in resonance fluorescence measurements of N(2D) and N(2 p) in a

conventional discharge-flow system.
9

The low temperatures in COCHISE will affect the transmission charac-

teristics of the substrate and coating. The rate of temperature change during

cooldown and warmup of the COCHISE facility is rather slow, so that the integ-

rity of the filters will not be affected seriously by routine temperature

cycling of the hardware. However, the short-wavelength cutoffs of common UV-

window materials shift toward the blue when the temperature is reduced,10 and

the transmission window of the multilayer coating probably behaves in a simil-

ar manner. Therefore, the desired operating temperature of the filters must

be known to establish design points for their fabrication.

The theory of line absorption is treated in detail in Section 2 of

Appendix A. Because the resonance lines emitted from the lamp are actually

multiplets, the calculated absorption will be the weighted sum of the

absorption of the individual lines:

= Ii Ai (koiz)

Atot = Ii  (1)
ii

where Ii, Ai and koit are the intensity, fractional absoprtion and optical

depth of component i. The optical depths of the lines in the multiplet will

differ because of differences in oscillator strength and ground-state



degeneracy between the components of the multiplet. Because both the absorp-

tion and emission line shapes are determined by Doppler broadening, the crit-

ical parameter in determining the sensitivity of the absorption diagnostic is

the ratio of the effective kinetic temperature of the emission line to that of

the absorption line:

2 T emitter
= (2)

TbTabsorber

A useful equation for calculating line absorptions is:

I -I (-1) -  (k)n

k 0 n

A- 1 (3)0 n 21/o n n! I + na)]

where 10 and I are incident and transmitted line intensities, respectively.

Usually only the first two to three terms are significant for low optical

depths (ko£ 4 0.1).

The calibration experiments described in Section 3 show that in an

argon lamp the effective kinetic temperature of the N*(3s 2p) emitters is

4000 K. The absorbing N(2D) atoms in COCHISE have a kinetic energy w 100 K,

so that a w 6.3 is appropriate for absorbance calculations in COCHISE using an

argon lamp.

We estimate a minimum detectable absorption of about 0.005 which cor-

responds to an average N(2 D) optical depth of 0.05 for a = 6.3 and a COCHISE

path length of 110 cm. This optical depth corresponds to a minimum detectable

N(2D) number density of 1.1 x 109 atoms cm-3 . We expect number densities in

COCHISE 4-5 times larger than this value; thus the sensitivity is adequate for

the proposed measurements. Using a helium lamp will improve sensitivity to-

wards N(2D) by a factor of two or three, but at the cost of significant cali-

bration uncertainty as discussed above.



3. CALIBRATION EXPERIMENTS

We measured the absorption of various number densities of N(2 D) from

argon lamps as a function of lamp pressure and applied power, and compared

these measurements to helium-lamp measurements for which the emission-line

profile is expected to be determined by the prevailing kinetic temperature in

the lamp. We also measured the kinetic temperature in the lamp both with

thermocouple-probe measurements and with measurements of the rotational tem-

perature of OH(A 2E+) in the lamp when small amounts of water were added to

the helium or argon bath gas. The thermocouple measurements were consistently

higher than the OH rotational-temperature measurements, but generally showed

the same variations with pressure and forward power. We didn't expect the

thermocouple-probe to be accurate for absolute temperature measurements be-

cause the probe could be heated by microwave absorption, electron or ion bomb-

ardment, catalitic recombination of atoms or de-excitation of metastables. In

addition the probe measurements indicated large axial and radial temperature

gradients. Whereas the probe samplied a small volume in the center of the

discharge region, the OH rotational measurements were averages over a large

and extended volume.

The absorption measurements showed a decrease in sensitivity of a fac-

tor of 2.2 in changing from helium to argon lamps. This difference is close

to what would be expected based upon the known exoergicity of the Ar*( 3P2 ) + N

energy-transfer reaction. The data showed only a weak pressure dependence,

with the effective emission linewidth being slightly broader at lower pres-

sures. The effective emission linewidth determined from the data was essen-

tially independent of discharge power except at extreme low and high power.

3.1 Rotational Temperature Measurements

Traces of water were added to the lamp gas by bubbling the rare gas at

high pressure (N 12 psig) through distilled water maintained at 0C by an ice

bath. The partial pressure of water in the discharge region was then a 5-10

mtorr compared to a total gas pressure of 0 2 torr. With water vapor in the

gas, the discharge excited the OH [A 2 r+(v'=0) - X 2w(v"=0)] transition at 308

nm quite strongly (see Fig. 2). The 0.5 m Minuteman monochromator was just

barely capable of resolving the several rotational lines in the Q1-branch and

the S-branch when operated with 50 um slits in the third order using a 1200

g/mm grating blazed at 250 nm.

7
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The emission intensities from the rotational levels are proportional to

the population and transition probability of the level being observed. If the

rotational levels in the emitting state are in Boltzmann equilibrium we have
-Evoi,/kT

I (2J'+I) A Nv' e * Thus semilog plots of the quantity
v"J vJ" vs

v'J' v'J'
In Iv j./(2J'+1)Avj. versus E $, should be linear with a slope equal to

VvJ V oJ vCn

1.4388/T for energies in cmv . We used relative Avjand

Crosley.
1 1

Several representative plots are shown in Figs. 3 and 4. Figures 5, 6,

and 7 show plots of temperature versus lamp pressure and discharge forward

power for both Q1-and S-branch measurements and for the thermocouple measure-

ments. The OH measurements indicate a kinetic temperature of a 450 K in both

helium and argon lamps at 1.5 torr and 20 watts; the normal operating condi-

tions of the lamps.

This temperature is somewhat lower than we had expected based upon re-

sults of other investigators.6 , 12 We have noticed, however, that lamp kinetic

temperatures appear to vary with lamp diameter, probably due to improved heat

transfer to the lamp walls in smaller lamps. In the present studies the lamp

walls were thicker than is normal for 12 mm tubing. Thus the inside diameter

of these lamps was smaller than is normal for 12 mm lamps.

3.2 Absorption Measurements

The absorption of various number densities of N(2D) was determined for

a helium lamp operating at normal conditions and a number of argon lamps under

a variety of lamp conditions. The experimental arrangement is described in

detail in Sec. 3 of Appendix A. The N(2D) number density was varied by

reaction with C02:

N(2 D) + CO2 + CO + NO (4)

9
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A correlation of In 1/(I-A), where A was the absorption for N(2D) using a

helium lamp, versus [C0 2] placed the N(
2D) number density upon a relative

scale for further lamp measurements. Complete integration of the absorption

equations showed that the Beer's-Law analogue, In 1/(I-Al, was linear in

[N( 2 D)] to within 5% over the range of absorptions measured (A < 0.26).

Figure 8 shows the correlation plot of [N*]rel versus [C02].

Over the range of [N( 2D)] covered in this study, the curves-of-growth

of A versus [N*Irel could be fit to a two parameter polynomial:

[N*] r2
A re - y([N*] (5)

(1 2) 1/2 rel(1 + 2a

We analyzed the curves-of-growth with a linear least-squares fit to the
equation

A
A a - Y1IN*] (6)

[N' rel rel

Realistic fits obtained only when the experimental data were properly weight-

ed. Figures 9 and 10 show several representative curves-of-growth along with

the best-fit lines from Eq. (6).

The effective Doppler temperature in the argon lamps can be determined

if an effective temperature is assumed in the helium-lamp measurements from

the ratio of the linear terms in Eq. (5) from the two types of lamps. Thus

2 =(He2
T; r = 300i =k (1 + -1(7)

The ratio 8He/OAr is 2.2, which implies an effective emission line temperature

of 3650 K assuming a temperature in the helium lamp of 450 K.
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Fig. 9 Absorption of various N( 2D) number densities from 20 watt argon
and helium lamps at 1.5 torr.
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Figure 11 shows how the ratio of N(2D) absorption for argon lamps at

several pressures to the absorption from a 1.5 torr argon lamp varies with

pressure. The data indicate a slight increase in absorption at higher pres-

sures which results from collisional narrowing of the lineshape function by

collisions which reduce the excess translational energy rf the excited atoms

prior to emission.

Figure 12 shows how the argon lamp absorption varies with forward

power compared to a 20 watt argon lamp. Only at extreme high and low powers

are the differences significant. The low power point probably indicates a

larger importance of electron impact excitation relative to metastable excita-

tion compared to the standard case. Further investigation would be interest-

ing.

We investigated the possibility of modifying the excitation mechanisms

in the argon lamp to enhance excitation by electrons relative to that by meta-

stable argon. Xenon in varying number densities was added to the argon flow.

Xenon is known to be a rapid quencher of metastable argon with a quenching

rate constant at 1.8 x 10-10 cm3 molecule I s-1.13 The long-lived metastable

energy levels of xenon which are produced by a radiative cascade process in

the transfer of energy between Ar( 3P2 ) and Xe
14 are too low in energy to ex-

cite the 3s 2p level of atomic nitrogen in an energy-transfer reaction. The

results of the experiments showed no change in absorption at 149.3 nm by the

metastable N(2 D) even at xenon number densities as high as 3 x 10
15 atoms cm- 3

(see Fig. 13). We had anticipated that the absorption at 149.3 nm for a con-

stant [N( 2D)] would increase as the electron excitation branch became a more

significant fraction of the total N (3s 2p) excitation. The intensity of the

149.3 nm line was reduced by a factor of five at the maximum xenon number den-

sity, indicating that some quenching of the metastable argon by the xenon was

taking place, but clearly that amount of quenching was not sufficient to alter

the primary excitation mechanism in the lamp.

3.3 Summary of Calibration Experiments

The lamp calibration experiments show clearly that the major mechanism

for excitation of the 149.3 and 174.3 nm lines in an argon lamp is the trans-

fer of electronic energy from metastable argon atoms to ground-state nitrogen

i
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atoms. The electronically excited nitrogen atoms are also excited transla-

tionally, and this translational excitation results in broadened emission pro-

files at 149.3 and 174.3 nm with an effective temperature of 4000 K. The ef-

fective translational temperature of the emitting atoms is not very sensitive

4 : to changes in lamp pressure or power.

23



4. SUMMARY

VUV resonance absorption measurements at 149.3 nm are a sensitive

diagnostic for metastable nitrogen atoms (N(2 D)). Low power, low pressure

rare-gas discharge lamps containing traces of molecular nitrogen are good

sources of the 149.3 nm radiation.

The Doppler broadening of the 149.3 nm line in an argon lamp is much

greater than that in a helium lamp because, in an argon lamp, the 149.3 nm ra-

diation is excited in a highly exoergic rare-gas metastable energy-transfer

reaction as opposed to electron-impact excitation in the helium lamp. This

increased Doppler broadening in the argon lamp means that argon lamps make

less sensitive diagnostics than helium lamps. However, the Doppler broadening

in the argon lamp is likely to be insensitive to variations in lamp tempera-

ture, unlike the helium-lamp case, so that argon-lamp calibrations carried out

P at room temperature should be reasonably accurate in the 80 K environment of

COCHISE. Our calculations indicated that an absorption diagnostic based upon

an argon lamp should have a sensitivity of 1 x 109 atoms cm- 3 for N(2D) in

COCHISE which should be more than adequate for the proposed N(2D) measure-

ments. We therefore built a 149.3 nm absorption for N(2 D) atoms in COCHISE

using an argon lamp as the line source. The component parts of the diagnos-

tic, lamp, reflector, detector, and all necessary electrical and plumbing ser-

vices were delivered to the Air Force Geophysics Laboratory in September,

1981.
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APPENDIX A

EFFECTS OF EXCITATION MECHANISM ON LINEWIDTH PARAMETERS

OF CONVENTIONAL VUV DISCHARGE LINE SOURCES

by

Wilson T. Rawlins and Lawrence G. Piper

PHYSICAL SCIENCES INC.
30 Commerca Way

Woburn, MA 01801

ABSTRACT

Conventional vacuum ultraviolet line sources often consist of elec-

trodeless rf or microwave discharges of flowing or sealed inert gases at 1-10

torr. The inert Duffer, typically helium or argon, is seeded with traces of

parent species of the desired transitions (e.g., 02 or N2 for 01 or NI transi-

tions, respectively). The sensitivity of resonance sources as absorption or

fluorescence diagnostics depends critically upon the effective line width of

the source resonance radiation. This Troperty is determined primarily by

source self-absorption, and by Doppler broadening of the source radiation, which
is itself a function of the translational-energy distribution of the radiating

species. Self.-"borption is easily minimized or chara:terized experimentally.

However, Doppler broadening is a complex function of the lamp excitation pro-

cesses and should be characterized for each type of resonance lamp. The major

competing excitation mechanisms for transitions such 01(130 nm) or NI(120 nm,

149 nm, 175 nm) in such line sources are electron impact processes, where the

excess kinetic energy of the collision is retained with the electrons, and

energy transfer or dissociative excitation by rare gas metastables (Ar(3P2,0)

at 11.5 eV or He(23, S) at z 20 eV), where a significant fraction of the

energy defect may appear as excess translational energy in the radiating

species. The kinetics of these processes as they relate to various %VUV atomic

line sources are reviewed. In addition, preliminary experimental data from

absorption measurements on atomic nitrogen metastables, N( 2D) and N( 2P), pro-

duced in a discharge-flow apparatus, are presented which show markedly different
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behavior between microwaverexcited ReJN2 and Ari.2 lamps. The implications

of these effects for design application of resonance absorption/fluorescence

diagnostics are illustrated.

I
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1. INTRODUCTION

Atomic line sources in the vacuum ultraviolet are used extensively

for resonance absorption and fluorescence measurements both in the laboratory

and in the upper atmosphere. In the laboratory, these techniques have been

used by many investigators to study reactions of 0, Cl, H, N( 4S), N( 2D),

SN(2 p), and many others.1 These studies have employed a variety of resonance

line sources, but the majority have used sources which are excited by micro-

wave discharge of trace impurities in a few torr of flowing helium or argon.
2

In upper atmospheric experiments, a variety of microwave and rf-excited dis-

charges of static helium (with controlled trace impurities) have been used in
3 4 5 4rocket, balloon, and spacecraft measurements of species such as 0, N( S),

Cl, and OH in the stratosphere, mesosphere, and thermosphere.

In all of these types cf applications, it is important, from the

standpoint of experiment design, measurement sensitivity, and absolute cali-

bration, to be able to model analytically the absorption process in terms of

physically realistic mechanisms. The fractional absorption over a line is

determined by the degree of overlap between emitter and absorber lineshape

functions, as shown in Fig. 1. These functions must be described in terms

of the various line broadening mechanisms. For the great majority of labora-

tory and atmospheric measurements, the absorber lineshape is governed by

Doppler broadening at the ambient temperature (usually a Gaussian line pro-

file), and in some cases by collisional (pressure) broadening (Lorentzian line

profile). Both of these sources are relatively easy to characterize experi-

mentally. The major unknown quantity in absorption measurements then is the

effective line width of the resonance emission from the discharge lamp. Typi-

cal VUV linewidths are too small to be resolved by conventional spectrometers;

thus they must be determined in carefully defined calibration experiments.

The effective emission line width is affected primarily by self-

absorption in the source and by excitation processes in the discharge plasma.

Self-absorption can be minimized experimentally or characterized analytically

in a straightforward manner (see below). However, the excitation processes

in the discharge can have marked effects upon the emission line width charac-

teristics and upon their variation with lamp temperature, pressure, and mode
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of excitation. This has been found, for example, in the case of atomic

oxygen (01) resonance lamps operating on the 130 nm resonance triplet 6 where

the emission line widths in helium-filled microwave and radio-frequency dis-

charge lamps have been shown to vary strongly with pressure and applied power.

It is imperative therefore to characterize experimentally each type of line

source to be used.

For the case of 01 line sources, mechanisms for the excitation of
6-8the resonance radiation in He and Ar are well-studied the major pathways

are via direct electron impact processes, dissociative excitation of 02 by He
7 82

metastables, and energy transfer to 0 by Ar metastables. The rare gas

metastable reactions often dominate the electron impact route and impart

substantial excess kinetic energy to the radiating atoms, thus broadening

the net emission line. In this paper we review the available data on the

energy-transfer reactions which provide important excitation pathways for

helium- and argon-filled lamps emitting the 01 (130 nm) and NI(120, 149, and

174 nm) multiplets, and show how these data can be used to explain adequately

the observed characteristics of 01 and NI resonance lamps. We also present

preliminary results from a laboratory program to characterize experimentally

the NI resonance multiplets at 149 and 174 nm which are diagnostic of.N(2p4

42
and N(2p P), respectively. The motivation of this study is to develop VUV

9
resonance abscrption capability for the cryogenic infrared facility COCFISE,

where in situ calibrations are not possible and the line width characteris-

tics of the various lamps must be extrapolated reliably from room-temperature

experiments to cryogenic (- 100 K) conditions. In the following sections,

the mathematics of the absorption model are briefly reviewed, experimental

methods for lamp characterization and calibration are described, and the be-

iavior of 0I and NI resonance lamps is discussed in terms of the detailed

inetics of the various mechanisms in the lamp.
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2. THEORY OF RESONANCE ABSORPTION

Atomic number densities can be determined by measuring rh . frac-

tional absorption of the resonance lines emitted by a lamp. This fractional

absorption is then related to the absorption coefficient of the resonance

transition, k (which is itself a function of frequency, V, as well as
i0

number density of absorbers, N), through Eq. (1):

t(0) (1 - eV dV

A o0tran s  fc

I(v) dv

where I(v) is the frequency-dependent emission intensity and Z is the path

length over which the absorption measurements are being made. If the absorp-

tion line width is determined primarily by Doppler broadening with a Maxwell-

Boltzmann translational energy distribution, the absorption coefficient is

given by

2
kv = k e (2)

0

where k is the absorption coefficient at line center, and the reduced fre-0

quency w is given by

2(v-V
0- (3)

AV D

V is the frequency of the line center and AV is the full width at half
o D

maximum of the absorption line as determined by Doppler broadening. In

some applications, the pressure is sufficiently high that collisional

broadening also plays a role, and k must be expressed in terms of the so-

called Voigt profile which combines the effects of Doppler and collisional
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10
broadening. Methods of accounting for non-Doppler broadening processes

such as collisional, electron-induced, and natural (uncertainty) broadening
ii

of resonance lines have been reviewed by Clyne and Piper. The treatment

of broadening resulting from nuclear or isotopic hyperfine splitting is dis-
12 13

cussed by Tellinghuisen and Clyne and Clyne and Smith. None of these

contributions are applicable for the range of pressures, electron densities,

or species encountered in the present study.

The absorption coefficient at line center, k , is a function of the0

number density of absorbers, N, and their oscillator strength, f,

1/2
k° 2D j 7 N f (4)

where m and e are the electron mass and charge (esu), respectively, ande
c is the speed of light. The Doppler full width at half maximum, AvD, is

1/2
( s - ) = 2RTn2 (5)

where R is the gas constant, T the temperature, M the molecular weight '"'d

X° the central wavelength of the transition.

In most cases the emission line shape can also be modeled in terms of

Doppler broadening with a Maxwell-Boltzmann temperature distribution, but with

a different effective temperature than that of the absorption line shape. Then

the effective emission-line width differs from the absorber Doppler line width

by the parameter a, which is the square root of the ratio of the effective tem-

perature of the emission source tc, the temperature of the absorbers. Thus,

2
I ) e-(w/) (6)

and the integral expression for A becomes

A-6



0 e1- dw

°  trans L
0Ae= =a~c 2(7)

The actual emission line shape may differ fror the Gaussian form

of Eq. (6) due to self-absorption (which preferentially affects the center

of the line) or monoenergetic excitation processes (e.g., energy transfer

from metastable Ar). Mathematical treatments of these effects have been
6,14 1,31

given by Kaufmanand co-workers and by Clyne and co-workers. 1 2 '1 3' 5

6
The self-absorption model of Rawlins and Kaufman gives an excellent match

to 01 absorption data over a wide range of lamp optical thickness. Self-

absorption is not a factor in the experiments we will describe and will not

be considered further; however, its inclusion in some applications (such as

that of Ref. 5) can be vitally important. Monoenergetic effects are often

collisionally moderated in steady-state line sources. In any case, since

only the integral over the line is observed, such profiles often, but not

always, 13 can be approximated by the Doppler formulae with little loss of
6

generality.

Euation (7) can be integrated in a straightforward manner by the

method of Gaussian quadratue. However, for the purpose of the present dis-

cussion, the following analytic expression for A is useful:

CO

A 2)n -1 1/2 (8)

n=l n! (1+na
)

In the limit of small optical depth, koZ, only the first term is significant,

and Eq. (8) reduces to

k£
A z 0 (9)

21/2
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The above expressions hold only in the case of a sing.e line. How-

ever, the 149 and 174 nm transitions consist of multiplets which are diffi-

cult to resolve fully. For the case of unresolved multiplets (line separa-

tion << instrument resolution), an expression similar to Eq. (7) holds:r2
:-':f 

O k .2 ( .e)

A 2 (0;00 ~ - (Wi/Co

2 e dw
3 i

where the C. represent the relative intensities of the components of the

multiplet. The spectroscopic 2roperties of thf: N(2 D) and N(2 P) resonance

multiplets are given in Table I.
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3. EXPERIMENTAL METHODS

The resonance lamp characterization measurements are carried out

on a discharge-flow apparatus, with the same basic approach as that of Ref.

6: known concentrations of the absorbing species are produced in the flow

reactor, and the resonance absorption of the line radiation from a given

discharge lamp is measured as a function of absorber concentration. The
16

apparatus is essentially the same as that described elsewhere except

for minor modifications to provide VUV resonance absorptionlfluorescence

capability. The basic apparatus, shown in Fig. 2, consists of a two-inch

(i.d.) discharge-flow system which is pumped by a Leybold-Heraeus Roots

blower/forepump combination capable of producing linear flow velocities up

j to 8 x 103 cms - 1 at 1 torr. The current modifications involved making the

,.. flow tube cf modular design with separate source, reacticn, and detectibn

regions. The detection region consists of a rectangular stainless steel

block bored out internally to a two-inch circular cross-section and fitted

with an internal Teflon sleeve to retard surface recombination of atomic

species. The block contains two viewing positions placed 7.5 cm apart.

Each viewing position has a circular port on each of the four faces of the

block which can accommodate resonance lamps, a vacuum ultraviolet monochroma-

tor or trtnsfer optics for the observation of emissions within the flow tube

by an external uv/visible/infrared monochromator. Currently, the upstream

observation position is outfitted with two microwave-discharge resonance

lamps placed normal to each other, and a 0.2-m vacuum ultraviolet monochroma-

tor (Minuteman 302 VM) diametrically opposite one of th resonance lamps.

The lamp which is viewed by the monochromator is used in absorption studies,

while the lamp normal to the monochromator's optical axis is used to excite

resonance fluorescence of atomic spe ies formed in the flow reactor. The

lamps and the monochromator are separated from the flow tube by 25 mm diam-

eter MgF2 windows which have a short wavelength cutoff of 115 nm. In addi-

tion, a MgF2 lens in the optical train of the monochromator collects light

from the flow tube.

A schematic showing the resonance lamps and detection cell is given

in Fig. 3. The lamps are constructed from 13 mm (o.d.), medium-wall Pyrex
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-i
tubing. He or Ar flow through each lamp at rates of 150 Jmcl s and total

17
pressures of - 2 torr. The discharge plasmas are excited by Evenson cavities

powered by 2.45 GHz supplies (Raytheon PGM-10) operating at power settings of

10-20 W. If one does not employ sound vacuum techniques, including scrupulous

cleaning of the components, with special attention to the portions in and up-

stream of the active discharge, variations in lamp intensity and emitter line

width often will occur due to leaks and outgassing. In addition it is impor-

tant to construct the lamp so that the gas flow enters near the window and

passes from front to back, and to position the discharge cavity so that the

plasma extends to the front window. This procedure inhibits the buildup of

pockets of absorbing atoms between the emitting region and the exit window.

Although controlled amounts of N2 can be added to the lamp, the impurity

level of N2 (i.e., a few ppm) in the He and Ar bath gases is sufficient to

g.ive intense but optically thin multiplets at 149 and 174 nrP. The absence

of self-absorption is determined spectrally by confirming that the observed

intra-multiplet line ratios are consistent with those predicted from spin-
18orbit sum rules. Instability in the emission intensity, due to long-term

variations in the lamp cooling rate and thereby in the steady-state operating

temperature of the lamp (typically 500-600 K), is minimized by regulating

the flow of cooling air to the cavity.

Atomic nitrogen Metastables are made in the flow t'ibr by discharg7ing

mixtures of nitrogen and argon in a McCarroll19 cavity powered by another

Raytheon 2.45 GHz supply. Molecular nitrogen is moderately efficient at

quenching the atomic metastables (kN(2D) + N 2 = 1.6 x 10
- 14 cm 3molecule

-1 14,20 (D 2
s ), so that the best metastable yields come from fairly dilute mix-

3-I
tures of N2 in Ar, typically 1% N2 at total gas flows of 2-5 x 103 Imol s ,

total pressures of 1-5 torr, and linear flow velocities of 1-2 x 103 cm s
I

Reagents such as NO or CO2 1 for use in titration experiments to deter-

mine atom densities, are injected into the flow tube through a one-inch diam-

eter loop constructed from 2 mm o.d. polyethylene tubing, with numerous small

holes around both the inside and outside surfaces of the loop. The loop is

presently situated about 30 cm upstream of the observation region, but this

distance can be increased as necessary by adding a section cf flow tube of
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the desired length between the section containing the reagent inlet and that

containing the detector head. In addition, mixing times for a fixed injec-

tion position can be varied over a wide range by altering the amount of

throttling of the pump on the flow tube, thereby reducing or increasing the

gas flow velocity. The nitrogen metastable number density is not signifi-

cantly affected by this procedure, because throttling the pump simultaneously

increases the flow tube pressure and reduces the pumping speed at fixed total

gas flow. The primary loss mechanism for the metastables is diffusion to the

reactor walls, and although reducing the flow velocity gives the metastables

more time in which to diffuse, the zimultaneous increase in the total pres-

sure decreases the rate at which the metastables diffuse to the walls, thus

resulting in a cancellation effect.
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4. LAMP EXCITATION MECHANISMS

A variety of different line excitation mechanisms in resonance dis-

charge lamps can be proposed which involve collisions of electrons or bath

gas metastables with a parent species, either atomic, molecular, or ionic.

* However, in most cases, the only two important excitation mechanisms likely

* to obtain in low power microwave or radio frequency discharges will be elec-

tron impact excitation of the parent atom, or rare-gas metastable energy

transfer. The latter mechanism is likely to involve dissociative excitation

of the parent molecule by helium metastables in a helium lamp, and direct

energy transfer between metastable argon and the parent atom in an argon

lamp. Electron impact excitation will impart very little kinetic energy to

the excited atom, thus giving Dopplerrbroadened emission line widths which

are determined primarily by the lamp bath-gas temperature. In contrast,

the rare-gas metastable excitation often includes considerable transfer of

excess kinetic energy to the excited atoms, thus giving Doppler broadened

lines which are much larger than those determined by the local translational

temperature. In this paper we will focus on 01 (130 nm) and NI (120, 149, and

174 nm) although some information is also available on H,
1 5 ,21 CI, 2 2 Br, 13

123 and Kr2 4 lamps,

Problems associated with non-thermal broadening procasses in atcrai

resonance lamps were probably first noticed by Lin, Parkes and Kaufman
14 ' 25

who studied atomic oxygen absorption at 130 nm using microwave powered lamps

with both argon and helium bath gases. They noticed that the oscillator

strength deduced from their data for the 130 nm transition was a factor of

two larger if they used a helium lamp rather than an argon lamp to excite
8a

the radiation. Later, Piper showed that the electronic energy transfer

reaction between metastable argon and atomic oxygen was efficient and ex-

cited the 3p 3P state of atomic oxygen which was 0.56 eV below the energy

of the metastable argon. The 3s 3S state of atomic oxygen, which is the upper

state of the 130 nm radiation, is populated by radiative cascade at 844.6 nm

from the 3p 3 state. Further experiments by Piper, Clyne and Monkhouse
8b

showed that the rate constant for excitation of the 3s 3S state of atomic

oxygen in the Ar* + 0 interaction is almost gas kinetic (8.2 x 10 11cm3
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molecule s-), and that furthermore, absorption studies on the 130 nm

radiation produced in the Ar* + 0 reaction require an effective Doppler

temperature of 3400 K for the 130 nm emission in order to reproduce the
11

well known 130 nm oscillator strength. The deduced kinetic temperature

implies a translational energy in the excited oxygen of 0.44 eV, which

agrees quite well with the 0.4 eV expected on the basis of the 0.56 eV

exoergicity of the Ar*/0 interaction. A reanalysis of the argon lamp

data of Lin et al.2 6 shows that the effective temperature in their lamp

was about 2500K, in modest accord with the ene,.gy transfer studies of
8

Piper et al. This clearly shows that the major excitation pathway in

the Ar/O microwave lamp is the energy transfer reaction between metastable

argon and atomic oxygen. A modest amount of electron impact excitation

must also obtain in the lamp to account for the lower effective 130 nm

temperature in the lamp compared to the energy transfer studies.

7Piper and Clyne have shown that the dissociative excitation of

molecular oxygen by metastable helium produces the 130 nm transition of

atomic oxygen with effective temperatures greater than 4000 K. The effec-

tive emitter temperature was reduced markedly as the pressure in their

He*/O 2 source was increased from 1 to 6 torr. They explained this be-

havior in terms of collisional moderation of the excited atomic oxygen

atoms prior to emission. Since the lifetime cf the 3s 3S state is only

2 ns, l much shorter than the time between collisions at a few torr, the

atomic oxygen must be excited in part via radiative cascade from longer lived,

higher lying states of the triplet manifold. Chang, Setser and Taylor 2 7 sur-

veyed the emission from the various atomic oxygen states produced in the dis-

sociative excitation of molecular oxygen by metastable helium and confirmed

that significant excitation does occur to higher levels in the oxygen triplet

manifold. In addition, they ascertained that the rate constant for excitation

of the 3s 3S state, including both direct and cascade excitation, in the He*/O 2
-11 3 -i -I

reaction is 1.8 x 10 cm molecule s

Rawlins and Kaufman6 used resonance absorption techniques to study

oxygen lamps containing helium bath gas. They noticed a strong increase in

the effective 130 nm linewidth with decreasing lamp power and with decreasing
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lamp pressure. They estimated that if dissociative excitation of molecular

oxygen by metastable helium proceeded with a rate constant of about 10
- I1 cm3

molecule- I s-I or faster that the retastable excitation pathway could compete

effectively with direct electron impact excitation of atomic oxygen. It is

interesting that a lamp which appears to behave quite normally at moderate

power levels and pressures shows drastically different behavior at low power

and pressure. These results clearly illustrate that an understandi-ng of lamp

excitation mechanisms is crucial to the determination of appropriate lamp

operating conditions.

While nitrogen resonance lamps have not been studied in such great

detail as atomic oxygen lamps, some information on lamp operation and on

energy transfer studies is available. In their study of the He*/N 2 interac

tion, Chang et al.2 7 failed to observe any significant atomic radiation, thus

casting doubt upon dissociative excitation of molecular nitroger by metastable

helium as a viable excitation mechanism in He/N 2 lamps. This finding is fur-

ther supported by the fact that, in contrast to 02/He lamps, only the He(I S)

state (20.6 eV) can dissociatively excite NI transitions; the population of

3this state in the plasma will be smaller than that of the He( S) state (19.8

eV) which is important in 01 excitation. By analogy with the He*1O 2 case, we

anticipate that the dissociative excitation pathway is slow relative to elec-

tron impact and, furthermore, that the degiee of broadening is relatively

small due to the low exoergicity of the process (0.6 eV for 120 nm, 0.15 eV

for 149 and 174 nm).

We therefore expect that the effective emitter temperature in nitro-

gen lamps containing helium bath gas will be determined primarily by the ef-

fective translational temperature in the discharge plasma. This seems to be

the case for the 120 nm transition (2p 23s 4p - 2p3 4S) of atomic nitrogen,

where oscillator strengths of that transition measured in line absorption

studies using the mean translational temperature of the plasma (as determined

from pressure increase upon igniting the discharge or rotational temperatures

of diatomic emitters in the plasma) are in good agreement with direct lifetime

measurements of the same transition.6,25,28
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The case for Ar discharges is more difficult to interpret. Piper

et al. have studied the transfer of electronic energy from metastable

argon to atomic nitrogen. They determined rate constants for excitation of
2 4 -1i

the 3s P and 3s P states of N! by metastable drgon to be 9.0 and 1.6 x 20

3 -1 -1
cm molecule s , espectively. If the energy transfer reaction between

metastable argon and atomic nitrogen excites the 2P and 4P levels of atomic

nitrogen directly, an exoergicity of 0.87 and 1.21 eV, respectively would

accompany the energy transfer. Such exoergicities imply a translational

energy in the excited nitrogen atoms of 0.64 and 0.90 eV for the 2P and 4P

states, respectively. However, there are slightly endoergic reaction

channels (i.e., endoergic by less than 2kT at 300 K) through which the energy

transfer process could occur, so it is not obvious that the atomic nitrogen

lines emitted in the Ar/N lamp will be broadened at all.

In the present experirients we have begun to characterize experi-

mentally lamps for use in absorption studies on metastable nitrogen atoms,

N( 2D, 2P), for which the diagnostic emissions emanate from a common upper
2.

state, 3s P, with wavelengths of 149 and 174 nm, respectively (cf. Table I).

Absorption measurements have been made on both the 149 and 174 nm multiplets

with constant number den.Aties of N( 2D) and N(2 P), using both helium and

argon lamps. These measurements indicate that the ratio of A He/AAr z 2.0

and 2.3 for the 149.3 and 174.3 nm lines, respectively. Assuming that the

translational te.nperature of the excited acoms giving rise to the 149.3 and

174.3 nm emission in the helium lamp is 600 K6 ,2 5 (i.e., follcwing the

reasoning outlined above) then application o Eqs. (9) and (10) to the

above results indicates a translational temperature of 3300 K and 4500 K

in the argon lamp for the absorption measurements on the 149.3 and 174.3 nm

lines, respectively. Since the maximum absorbance of the 174.3 nm line

was almost a factor of three smaller than that for the 149.3 nm line, the

approximation of Eq. (9) should be more applicable to absorptions on the

longer wavelength multiplet. The mean translational energy implied by a

kinetic temperature of 4500 K is 0.58 eV, which is reasonably close to
2

the value of 0.64 eV expected if the 3s P state of atomic nitrogen is

excited directly by collisions between metastable Ar( 3P ) and N( 4S) in the7 2

argon lamp, In order to characterize the lamp behavior more precisely, it
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will be necessary to measure absorptions for both lamps as a function of metas-

table nitrogen number density and to determine the actual translational temper-

ature in the helium lamp. This latter measurement can be made mos- ea;ily by

measuring the rotational temperature of OH in the lamp when a trace of H 20 is

introduced into the helium flow upstream of the discharge. The OH rotational

temperature and bath gas translational temperature should be equal. The metas-

2table N( D) number density can be varied and determined absolutely by titra-

tion reactions with Co2, N 20, or 02 to form NO, which is in turn converted

rapidly to O(3 P) by reaction with NJ 4S) in the gas stream. O(3 P) number den-

sities, which can be determined by resonance fluorescence, can be related quan-

titatively to N 2D) number densities using the known kinetics of 
the system.

20

These measurements are currently being pursued.

We investigated the possibility of modifying the excitation mechanisms

in the argon lamp to enhance excitation by electrons relative to that by metas-

table argon thus narrowing the effective linewidth at 149 and 175 nm. Xenon

in varying number densities was added to the argon flow. Xenon is known to be

a rapid quencher of metastable argon witha quenching rate constant of 1.8 x 1010

3 - -1 30cm molecule s The long-lived metastable energy levels of xenon which

are produced by a radiative cascade process in the transfer of energy between

Ar3 P ) and Xe31 are too low in energy to excite the 3s 2P level on atomic
2

nitrogen in an energy-transfer reaction. The results of the experiments showed

no change in absorbance at 149.3 nm by the metastable N 2D) even at xenon
15 -3

number densities as high as 3 x 10 atoms cm . We had anticipated that the

absorbance at 149.3 nm for a constant Nt 2D)3 would increase as the electron

excitation branch became a more significant fraction of the total N 3s 2p

excitation. The intensity of the 149.3 nm line was reduced by a factor of

five at the uaximum xenon number density, indicating that some quenching of

the metastable argon by the xenon was taking place, but clearly that amount

of quenching was not sufficient to alter the primary excitation mechanism

in the lamp.

Our observation of extensive broadening from direct excitation of the

149 and 174 nm transitions by Ar* is in marked contrast to other results for

the 120 nm transition. Lin et al. 25 noticed no difference between che oscil-

lator strength for the 120 nm transition deduced from absorption measurements
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using an argon lamp and those deduced using a helium lamp. This indicates

that either (I) the electron impact excitation mechanism is dominant in the

argon lamp for 120 nm excitation, or 12) the 120 nm excit&tion by metastable

argon is indirect, via the slightly endoergic, radiative cascade route. The
29120 nm excitation rate constant measured by Piper et al. is lower by a

factor of 5-6 than the rate constants for excitation of the 130 nm transi-

tion via Ar* + 0 or of the 149 nm/174 nm transitions via Ar* + N, both of

which produce broadened emission lines in argon plasmas. Furthermore, the

effective rate coefficient for electron impact excitation of atomic nitrogen
32

is over an order of magnitude larger for 120 nm than for 149 and 174 nm.

Thus it appears that electron impact is the dominant excitation pathway for

120 nm emission, regardless of the Ar* + N mechanism.

In conclusion, we have describzi how collisional energy transfer

processes involving rare gas metastables can excite atomic resonance transi-

tions and, furthermore, can give rise to non~thermal Doppler broadening of

the lines. We have used the framework of resonance absorption theory to

interpret the effects of these processes for the available data on 01 and

NI resonance multiplets in He and Ar discharges, and have presented new ex-

perimental data exhibiting direct excitation of NI (149 nm, 174 nm) radiation

by metastable argon. This body of results clearly illustrates the importance

of carefLl zonsideration of lamp excitaticn mrrcbanisms ard rharacterizat.ion

of line broadening effects in the design and interpretation of resonance

absorption/fluorescence measurements.
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TABLE I.

Resonance Lines for Metastable Nitrogen Atoms

Wavelength Upper Lower Relative f; a
nmAtom ng State State gz Intensity u

N(2D) 149.2615 2 2D6 9 0.078
NC ) 3,2  5/2

149.2812 p2 D 4 1 0.0133 /2 32

"22 2 o
149.4668 2p, D4 5 0.065

22 . 2

N(2 P) 174.2717 p3/2  p2 2 1 0.021" ' P3/2 P3/20.2

174.2725 2P3/2 2P/2 4 5 0.053

2 2.O
174.5246 p1 2 1/3 2 2 0.043

22 2 .
174.5255 p1 2  P4/2 1 0.011

a. Lawrence, G. M. and Savage, B. D., "Radiative Lifetimes of UV Multiplets
in Boron, Carbon and Nitrogen," Phys. Rev. 141, 67(1966).
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FIGURE CAPTIONS

Fig. 1 Profiles of two Doppler-broadened lines of equal integrated
intensity but different effective temperatures. This shows
the poor overlap between lines of significantly different widths.
The frequency units are from Eq. (3). For the 149.3 nm transition
of NI one reduced frequency unit corresponds to 0.16 cm-I or
4.8 GHz, It corresponds to a wavelength increment of 0.36 pm.

Fig, 2 Diagram of the flow reactor illustrating the modular construction
of the discharge head, reaction zone, detection cell, and the
pumping port. Only the resonance absorption configuration is
depicted here.

Fig. 3 Cross sectional view of the absorption/fluorescence cell showing
the placement of the lamps. The direction of the flow in the
reactor is perpendicular to the figure.

Fig. 4 Energy-level diagram of atomic oxygen showing the levels and
transitions important to understanding the transfer of electronic
energy from metactable Ar(.3P 2,0 ) to O(3p).

Fig. 5 Energy level diagram of atomic nitrogen showing the levels and
transitions important to understanding the transfer of electronic
energy from metastable Ar( 3P 0,) to N(4 S).
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APPENDIX B

Design drawings of the component parts

of the COCHISE VUV diagnostic.
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