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SECTION I

I. INTRODUCTION

This report summarizes progress under the project entitled "Detection of

Excited States by Laser Induced Fluorescence and Energy Transfer" for the

period from 1 October 1988 to 30 September 1989. It is submitted by the

Quantum Physics Division of the National Institute of Standards and Technology

to the Air Force Wright Research and Development Center. The research was

carried out at the Joint Institute for Laboratory Astrophysics with the direct

supervision and participation of Dr. A.V. Phelps, Principal Investigator.

The overall objective of this research is to develop diagnostics and

models necessary for the measurement and prediction of the properties of

electrical discharges in molecular gases which are of interest to the Air

Force. For FY 89 we a) continued the development and application of the laser

absorption technique to the measurement of time dependent excited state and

ion densities in electrical discharges, b) used absorption measurements of the

Doppler broadened line profiles for the A 2 u  X 2. transition of N2
+ ions

to determine the electric field strength in the positive column of pulsed

discharges in N2 , c) completed measurements of the time dependence of the

density of ground state N2
+ ions in pulsed discharges in N2 using the laser

absorption technique, d) developed and applied stabilized diode laser

techniques for the measurement of much smaller absorption signals, and e)

measured the increase in rotational energy of N2
+ ions drifting through N2

resulting from the transfer of kinetic energy of the N2
+ to rotational energy.

Pulsed electrical discharges in molecular gases, such as N2 , are of interest

to the Air Force because of their use in devices such as high power switches,

electrically excited lasers, and plasma processors. Because of their role in
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natural phenomena such as lightning and corona, it is important that one be

able to predict the contribution of multistep processes to the growth of

ionization in molecular gases such as N2 . Gas discharges play a key role in

the production of semiconductors.

An important aspect of this program is the development of nonintrusive

diagnostics of electrical discharges in molecular gases. Emphasis on this

problem stems from the fact that one of the most fundamental macroscopic

parameters of a gas discharge, the electric field, is very difficult to

measure without altering the plasma. The traditional approach involves

inserting Langmuir probes, but they perturb the plasma. Recent innovations by

others include the determination of the electric field from the broadening and

shift of emission from high lying excited states of atoms produced by laser

excitation of metastables[l]. We show that using a tunable diode laser, the

electric field can also be determined with high time resolution from Doppler

shifted and broadened absorption by N2' ions.

As our understanding of gas discharges improves it has become important

to characterize more completely the energy of ions. We are interested in the

internal energy distribution as well as the translational energy of a

molecular ion. In particular, we would like to learn how the ion gains its

internal energy while drifting in an electric field. This problem is not well

understood, especially when charge transfer collisions are the dominant

collision processes.

We included in our program:

1) Development of high spectral and time resolution laser absorption methods

for measuring properties of molecular ions as described in Section II.

2



2) Determination of the velocity distribution of molecular ions drifting in

the positive column of a discharge and the use of this data to determine the

electric field in Sections TII and IV.

3) The application of the laser absorption technique foL nonintrusive

measurement of ion density transient in Section V.

4) Testing of models for the internal energy gained by ions drifting in an

electric field in Section VI.

The impact of our previous measurements of N2 metastable quenching is

discussed in Section VII and recommendations for future work are give in

Sect. VIII.



SE:(CTION 1 I

E'XPIERIMENTA, TECHINIQUE

A high density of N.,, ion:; in a uniform electric field in N2  at a known

ys temperature wis; poduced i;ing a puls;ed, positive coluon dIischarge. A

s ;lihint ic" of the dlischarge tuhe, la ;ser, and electronics is shown in Fi gure 1.

Tl dischilr,, tube was1; in thie Iorm of a cross, so as to reiIove thie two cat hio+

reg ions f romIi the ah'Vorpt ion path. The length of the ahsorption path through

the posit ive c-olumn is normally 200 1 20 mm and can he lengthened by 40 mm iby

tIh i 1s;c 0of a second anode. 1(e tl5('(l al 01111110111 ('m ectrcodes to min ii e

pottctit ring.121 The di schrarge was operated at a pressure of 0.3 to 1.5 l'ot, -c

cureni it of 0. i to 1.5 A, and a pulse duration of 5 to 12 ps;. The measured

1/n, rat io of the electric field to the total gas density, is approximately

1()0 Td for pure nitrogen anid 10 Td for the 10 percent nitrogen - 90 percent

helium miixtures used, where 1 Td = 10M V i 2 . The duration of the discharge

was; chosen to be about equal to the ion lifetime so that the ion density

reached roughly its s;teady-state density. The discharge did not show temporal

oscillations or spatial striations. With this choice of energy input the gas

heating and excited state production were small. The calculated energy input

to the gas during the discharge pulse is from 0.01 to 0.03 eV/molecule.

Although most of this energy appears as vibrational excitationt3] the large

vibrational spacing in N. of 0.29 eV means that less than 3 percent of the

nitrogen molecules will be vibrational excited. Although the recombination of

N atoms produced by dissociative excitation depends on unknown wall

conditions, measurements in similar discharge tubes[4] suggest sufficiently

fast wall recombination of atoms so that dissociation of N2 is small. The

repetition rate of from 10 z

4
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Figure 1. Schematic of the experimental configuration used for Doppler shift
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to 100 Hz ensures that the translational, rotational, and vibrational

temperatures will return to close to the wall temperature between pulses.

The average ion density during the discharge calculated for the 14 mm

diameter discharge tube and the measured ion drift velocities of Section III

is 1012 cm- 3 x I, where I is the current in A and E/n = 100 Td. The estimated

uncertainty is 1 10 percent, and arises from the uncertainty in measured

current and tube diameter and in published electron and ion drift velocities.

The N2
+ energy levels and wavelengths of interest in these experiments

are shown in Figure 2. In the course of the measurements we used two laser

systems. One[5] was based on a commercial, argon-ion-pumped, standing-wave,

CW dye laser operating near 689 nm and with a bandwidth of about 1 MHz. This

laser was used to study absorption of A 2
iu , x 2E + (v'=3, v"=0) band of N2".

The other system was based on the home-made tunable diode laser system with a

line width < I MHz operating at the wavelength near 780 nm. The laser power

on the sample was < 0.5 mW compared to 10 mW maximum available from the diode.

The laser was tunable by variation in the effective length of the laser cavity

over up to 25 GHz at a fixed value of the electronically regulated diode

temperatur( (± 0.001 K) and current (= 10-5 percent). We used this laser to

measure absorption of the A 2H _ X 2 7g+ (v'=2, v"=0) band of N2
+. In both

cases, the absolute frequency was measured using a moving-arm interferometer

accurate to 300 M~lz with respect to a known He-Ne laser[5,6]. A 7.5 GHz

confocal etalon and diode served as a relative frequency marker. The laser

beam was split in half; one part was sent through the sample and one part was

sent through the reference path. The beam passed through the sample cell from

3 to 7 times. In the "single- direction" experiments the beam path formed a

loop so that the ion motion relative to the direction of propagation was

6
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fixed. In the "double-pass" experiments the beam was reflected nearly along

the same path so that it alternated direction relative to the ion motion. The

beams were directed onto separate photodiodes connected in a differential

bridge. A variable attenuator in the reference path was adjusted such that

the signals from the diodes were equal when the laser was tuned off resonance.

This procedure corrects for any emission from the discharge. The bandwidth of

our signal processing electronics was from DC to 160 Mliz. Signals from the

photodiodes are sent through a preamplifier and amplifier to a boxcar

integrator operating in the active-baseline-subtraction mode. For absorption

transients measurements the boxcar was replaced by a 100 MHz transient

digitizer. The total gain in the system was usually i05 . With this setup we

were able to detect a fractional absorption as small as one part in 104 usilg

the CW dye laser, or one part in 106 using the laser diode system.

The upper and lower traces of Figure 3 show absorption line profiles

obtained with the diode laser a few pis after the pulsed discharge when the

electric field is small or zero and during the discharge when the electric

field is 100 V/cm. The right-hand line is the R1 (5) ro-vibrational line of

the A2
I 4 X2

Z +(v'=2, v"=0) transition,[7,8] i.e., the Meinel Band of N2
+.

The center of the unshifted line is indicated by the arrow. The left-hand

line is the Q 1(5), v' = 7 - v" = 6 line of the B3
1u - A3'u + , 1 st positive

transition[8] of excited neutral N2. Comparing the two lines, one sees that

in the presence of the electric field the ion line is shifted and asymmetric

as the result of the drift of the ions towards the cathode. On the other

hand, the position and shape of the neutral N2 line remained unchanged during

the discharge. Figure 4 shows representative absorption profiles for N 2
+ in

He. Especially noticeable is the much larger shift of the ion line than in

8
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9



10 1 12

C

C
.5 4

C
0

-2
0 2 4 6 8 10 12

10 T -T I 

8

.6 6

CO

C

0
C,,

< 0

0 2 4 6 8 10 12

FREQUENCY [GHz]
Figure 4. Absorption signals for N2 + in He. The lines are as in Figure 3.

The upper trace was obtained during the afterglow, while the lower trace

was taken during the discharge. The points are experimental data and

the solid curves are from a fit of theory.

10



the case of N2 ' in N2 .

The gas handling and vacuum system could be pumped to z 2 x 10- 4 Pa (2 x

10i 6 Torr) between runs and - 7 X 10- 5 Pa (5 x 10 - 7 Torr) after a mild bake-

out. The gas pressures were read with a diaphragm type manometer accurate to

+ 0.01 Torr. Currents and voltages were read from the time independent

portions of the digitized waveforms and are expected to be accurate to ± 10

pe rcent .

In addition to the electric field determinations using Doppler shift

nethooi, the electric field strength in the pulsed N2 discharges was

determined using two floating Langmuir probes[9] spaced 50 mm apart. In order

to minimize the perturbation of the plasma, the probes were thin wire (0.2 mm)

loops pressed against the glass wall of the discharge tube. The lack of

spatial dependence of the visual emission in the vicinity of the probes is

consistent with a small perturbation. The time dependent voltages of the

loops were measured using high impedance (100 MO) oscilloscope probes and the

difference voltage determined electronically. Previous experience[i0] with

these probes and similar discharges in H2 indicated satisfactory operation.

An important characteristic of the pulsed discharges used in these

experiments is their uniformity in the axial direction. To test this

uniformity, measurements were made of the transient emission at 391.4 nm from

N2' at about 1 cm from the anode and 20 cm from the anode toward the cathode.

Emission was measured with a photomultiplier using an interference filter

centered at 391.4 nm with a 10 rum bandwidth. Care was taken to insure that

changes in the collection geometry were small. Figure 5 shows emission

transients taken at nitrogen pressure of 0.5 Torr and current of 1.5 A. The

traces are very similar. Since the excitation coefficient for this state[11]

11
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varies rapidly with E/n for discharge conditions, we concluded that the

electric field is constant to 1 10 percent along the discharge tube.

The results of the analyses of the ion motion under the influence of the

,ilectric field obtained from the Doppler broadened and shifted absorption

transition of the Meinel Band of N2
+ are presented in Sections III and IV.

Thu populations of different rotational states were obtained from the

integrated absorption profiles of the ro-vibrational transitions A 211u _ X e+

(v' -2, v"-0) of N, in the vicinity of 780 nm and the results are presented in

SectiLor Vt.
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SECTION III

ELECTRIC FIELD IN THE POSITIVE COLUMN

Traditionally, ILangmuir probes have been used to measire the electric

field in a plasma. 10 This approach perturbs the plasma. [ 12] In recent

years, there have been several nonintrusive measurements of an electric fit ld.

Wieman and llanschf13] observed the Stark splitting in deuterium and in t!2

discharges. Ganguly et ai. [1] applied the Stark splitting technique to very

high levels of L1e excited by a laser from the metastable state. The use of

Stark splitting by observation of resolved spectra was applied for electric

fields as low as 100 V/cm and by observation of line merging was applied to

fields of - 5 V/cm. Doughty and Lawl.er[14] used the optogalvanic effect to

measure Stark splitting for electric fields to ± 10 V/cm at 400 -1000 V/cm.

Mocre et al. [15] measured the electric field by observing the Stark mixing in

the electronic transition of BCl. A similar approach was developed by

Derouard and Sadeghi utilizing the NaK molecule.[161 For discharges

containing these molecules, this approach has been used for electric fields as

low as 20 V/cm. Haese, Pan, and Oka[17] used infrared laser absorption for

measurements of the Doppler shift to determine the mobility of Ar{ in the

positive column of a dc discharge. Radunsky and Saykally[18] measured an

axial electric field by observation of the Doppler shift of drifting ions in

the poorly known electric field of a low frequency discharge. We will show

that by measuring the Doppler shift of N2
+ absorption spectra in a dc positive

column discharge one can determine electric fields to at least as low as 3

V/cm.

We have applied two methods of analyzing absorption profiles to obtain

the axial electric field:

14



1. Spectral moment method. This method is based on the calculation of mean

frequency shift ALI of the absorption line as the ratio of the first moment to

the zero'
h moment using the relation

I d 1 l(v - i 0 ) (v - V 0 )

AL = v i0))

,,,ero Vc0 is the frequency of tLe line ccnter as determined in the absence of

an olectric field and I(z' - 0) is the measured absorption line profile. The

frequency of the center of the unperturbed line v 0 is assumed to be the center

of the absorption profile measured after the discharge voltage is reduced to

zero, i.e., P0 is adjusted to make AV = 0 in Equation (1) for I(v -. 0) taken

well after the end of the applied voltage pulse.

2. Convolution method. The convolution method assumes that the ion velocity

distribution can be represented by the convolution of thermal and high field

velocity distributions. This problem is discussed in more detail in Section

IV. A minimum of three parameters is required to describe the resultant

velocity distribution. The parameters of the velocity distribution plus those

describing the background signal and absolute amplitude of the absorption

signal are adjusted to give the best fit of the model to the measured line

absorption profile.

The moment method has a major advantage over other techniques in that it

does not require any assumptions as far as velocity distribution of ions is

concerned and is very simple to apply. It does not involve a complicated

fitting procedure. It provides the mean Doppler shift, which equals the drift

velocity of an ion. On the other hand, the line fitting technique can be

applied for overlapping spectral lines. This feature is particularly

15



interesting for systems like N2+ in N2 where in every spectral region there

are large numbers of absorption lines from e:cited neutral molecules.

We use previously measured drift velocities[19] as shown in Figure 6 to

convert our measured drift velocities to E/n values and then to the magnitude

of the electric field. The resulting E/n values versus nR values are shown by

the crosses in Figure 7 for pressures from 0.25 Torr to 2.0 Torr. The E/n

results are plotted versus nR, rather than pressure to allow scaling of theory

to these experiments. Here n is the gas density and R is the radius of the

discharge tube. The measured field is calculated from the ion drift velocity

at the end of the pulse. This value was assumed to be equal to the steady-

state value.

In Figure. 7 the open points show E/n values determined from the fitting

method. The results closely follow numbers obtained from the moments method.

Electric field measurements by means of the probes are shown in Figure 7

as circles. An example of the transient potential difference between two

probes is shown in Figure 8. The "steady-state" electric field is calculated

from the potential difference at the end of such waveforms and the distance

between the probes. The results are systematically below the stceady-state

electric field calculated theoretically[20] and slightly below the

measurements based on the observation of the absorption profiles.

The measured E/n values obtained from analysis of the Doppler shifted

absorption lineshapes fall systematically below calculated E/n values at the

higher nR. One possible explanation is that after the applied discharge

voltage is turned off there is still some residual electric f~ald which causes

the ions to drift toward the cathode and produce an error in the value of V0

in Equation (1). This error becomes more serious as the frequency shift
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decreases at the lower E/n. As we will show in Section IV, there is some

evidence to support this hypothesis.

Our methods make possible determinations of the electric field at

different times during the pulsed discharge. An example of such time-resolved

E/n determinations is shown in Figure 9. The experimental data were taken

using the tunable CW dye laser operating near 689 nm. The time dependence of

an electric field during the pulsed discharge is in reasonably good agreement

with laser measurements. Since we obtain a significantly better signal to

noise level with the diode laser than with the dye laser, we expect to be able

to obtain either more accurate determinations of the electric field or

reasonably accurate electric field values with a much higher time resolution

than that shown in Figure 9.
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SECTION IV

VELOCITY DISTRIBUTION OF IONS

Little is known about the velocity distribution of ions in their parent

gas at moderate electric fields where the gain in velocity between collisions

is comparable with thermal velocity of ions. Since solutions of the Boltzmann

equation for ions in the presence of the charge transfer collisions do not

appear to exist, we postulate that the velocity distribution of such ions is

the convolution of thermal and high field velocity distributions. For the

high field limit we adopted the solution for the case in which charge transfer

is the dominant ion-neutral collision process and the cross section is

independent of ion energy.[21,22]

The high field or cold gas approximation is expressed by the assumption

that the thermal distribution of velocities is a 6 function. The

solution[21,22] of the Boltzmann equation for the ion velocity distribution

h(v) then takes the form

2

h(v) = C 6(vx) 6(vy) s(Vz) exp, (2)

where vX, vy, and v Z are the x, y, and z components of velocity, s(v,) is the

step function, a is the charge transfer cross section, a - eE, and the

electric field E is in the z direction. This expression for the velocity

distribution of ions moving in the high electric field is a one-dimensional,

one-sided Gaussian with the maximum at zero velocity.

The convolution of the high field solution of the Boltzmann equation

(half Gaussian) with the thermal distribution (isotropic, full Gaussian) is
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shown in Figure 10. Here the v, values have been converted into frequency

shifts using the Doppler relation that

I/ - vz/A 0 , (3)

where v0 and A( are the frequency and wavelength at the center of the

unperturbed molecular line. The example shown is for the case in which the

width of the half caussian was approximately twice of the width of the thermal

'istribtrion. The resultant lineshape is a shifted, slightly asymmetric

profile. The experimental absorption profile resulting from such a velocity

(istribution is shown in the lower trace of Figure 3. The circles are samples

of experimental data and the solid lines are fitted profiles. In fitting the

profile to the measured ion line profile obtained during the discharge, only

the parameter describing the width of the half Gaussian contribution to the

velocity distribution from the electric field was varied. The width of the

thermal Gaussian was taken from a fit to the neutral absorption line profile.

The, line shape of the N2
+ transition in the upper trace of Figure 3 taken 2 ps

after the end of the discharge pulse can be fitted very accurately by a

Gaussian profile. The profile is slightly wider, by about 12 K, than profile

of the first positive B 311g +- A 3Z" transition of neutral nitrogen, which

corresponds to 293 K. We propose that this difference means that after the

discharge there is still some electric field present.

In order to test for nonthermal ion velocity distributions in the

afterglow, we show in Figure 11 absorption profiles measured ls, 15/us and

120ps after the discharge has been switched off. The width of the ion line

becomes narrower with time and at 120 ps approaches the width of the neutral
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line. The measurements at times later than 120 ps were not reliable because

of the small absorption signal resulting from the low ion densities.

We have recorded line shapes and determined the drift velocity of N2' in

the positive column discharge for the rotational levels up to a quantum number

20 at pressures from 0.3 Torr to 1.5 Torr. We concluded that to within the

experimental accuracy of ± 7 percent, the drift velocity of the N2
+ in N 2 does

not depend on the rotational quantum number of the molecular ion. A similar

lack of dependence of the drift velocity on the rotational quantum number was

found for N.+ in He. These results differ from those for CO+ , where Saykaly

and coworkers[18,23] reported that the drift velocity of CO+ in He is strongly

dependent on the rotational state of the ion.

We have also made measurements of Doppler profiles for N2
+ in He as

shown in Figure 4. Although the primary purpose of the measurements in He was

to compare our results for the internal energy of the N2
+ with previous

results in Section VI, we show in Figure 4 a fit of a Gaussian to the measured

line profile. Although there appears to be no detailed theory for the

velocity distribution of N2
+ in He, the displaced Gaussian given by the fit to

the data of Figure 4 is typical of theory[24] and experiment[25] for atomic

ions in le. Using published drift velocity measurements for N2+ in He, one

can determine the E/n values for the conditions of our experiments for use in

the analyses of Section VI.
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SECTION V

TRANSIENT MEASUREMENTS OF ION DENSITY

In this section we are concerned with transient measurements of

absorption at fixed laser frequency, rather than the frequency dependence at

fixed times as in Sections III and IV. By observing the transient absorption

at various frequencies we learn about the time scale of velocity

redistribution. We have also measured time dependence of the ion density and

related it to models of the ion loss processes.

A. Transient behavior of the ion velocity distribution.

Since the band width of the laser and the natural line width are both

significantly less than the Doppler width of the absorption line, measurements

of absorption at fixed laser frequency are sensitive to a small group of N2
+

ions which have components of their velocity in the direction of propagation

of the laser which match the Doppler shifted laser frequency. Consider first

an experiment in which the laser is tuned to the middle of an unshifted N2
+

transition so as to detect absorption by slow ions. There is little

absorption when the electric field is on because the high ion temperature

depletes the slow ion population. After the discharge is turned off there is

a sudden increase of absorption by ions in the slow velocity group. This is

due to the fact that when the electric field is reduced the ions are slowed

down very quickly in collisions with cold N2. In these experiments the N2 gas

remains at near room temperature during the short discharge pulse.

The measurement reported in this subsection were made using absorption

for ro-vibrational transitions for A 2ru _ X 2Z (v'-3, v"-O) of N2" in the
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vicinity of 689 rum. The experimental apparatus was the CW dye laser with a

bandwidth less than I MHz pumped by an Ar laser.

At the top of Figure 12 one sees the cooling of the N2
+ as a sharp

increase in absorption at the end of the discharge. The heating of the ions

occurs while the ion density is still very small. In order to emphasize the

transient periods, Figure 13 shows the derivatives of the absorption transient

and the current transient for pressures of 0.3 Torr. The derivative of the

absorption at the end of the pulse closely follows the derivative of the

current. If the duration of the decay of absorption corresponded to the time

required for velocity redistribution, the duration of the derivative of

absorption would decrease with increasing pressure because of the increase in

the rate of ion-neutral collisions. From the observed lack of such a pressure

dependence, we conclude that the velocity redistribution of molecular ions in

collisions with N2 is faster than the time of switching off the discharge.

The lowest trace in Figure 12 shows the transient absorption when the

laser is tuned to one side of the line so as to observe absorption by fast

moving ions. There are an appreciable number of ions in this velocity group

when the electric field is on, but when the discharge is turned off the ions

suddenly slow down in collisions with cold N2. Instead of a sharp peak,

cooling results in a sharp dip in absorption as ions leave this high velocity

group. Figure 12 also shows absorption transients for a velocity group for

which the population remains constant after the switching off of the electric

field. This time the laser was tuned to the side of the Doppler absorption

profile of N2'. After the sharp increase or decrease of the population of

ions in the observed velocity group, there is a slow decay of population in

time.
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B. Transient ion density.

In this section w demonstrate the utility of the laser absorption

t.chique for measurements of the transient ion density and for determining

tine processes responsible for the loss of ions in the afterglow of a pulsed

di ,chare. For these measurements of the N2 density we measured absorption

ina1;-nns at the A LI11 ,, . (v' --2 v" O) transitions of N 2 using the

diodt. lasJer operating near 790 nm. Once the ions cool to near the gas

t:.!K Ja)Lr e, the absorption profile of the line is constant and the choice of

.;o r L' i ; not criticsl. If one wants to discuss absolute ion

-vs;urlt i an coeffic icnts, then1 one should measure the integrated line

abs:o-ptcion. An absorption transient of N2 is shown in Figure 14 for a

I:<;a,1c of 0 3 Tort.

ibe measured ion densities are such that losses due to dissociative

reccbination[26] of electrons wiuh N + diffusion to the wall of tne

discilarge tube[27] , and ion conversion[28] are of comparable importance.

,hree-body recombination[29] and radiative recombination[30] are negligible

compared to dissociative recombination for our conditions. Since an accurate

model of spatially dependent decay Df the N2
+ density with all three loss

processes active is very difficult to solve[31], we consider an approximate

solution in which the spatially dependent diffusion term is replaced by the

fundamental mode spatial solution. In this approximation, the N2
+ density

obeys the relation
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dn nD+ -- n - a k 2
dt + e nA2 + c +

2 -n 2 3n , (4)
++

T.were a is the recombination coefficient for N2 + and e, n+ and ne are the N2+

and electron densities, nDa is the ambipolar diffusion coefficient at unit

density, A = R/2.405 is the fundamental mode diffusion length, k, is the

three-body rate coefficient for conversion of N,+ to N4 , and 0 - (nDa)/nA2 +

kn2. In the limit of low electric fields such that the ions are in thermal

equilibrium with the gas, ambipolar diffusion theory[27] shows that nDa = 2

nD, = 2 (kT/e) nu , where nD+ and nu+ are the normalized diffusion and mobility

coefficients for N2
+ in N2 and kT/e is the gas temperature in eV. In the

final form of Equation (4), we assume n+ = ne. The errors resulting from the

use of the simplified form of the diffusion term in Equation (4) have been

discussed in by Frommhold and Biondi.[31] Also, the assumption that n. = ne

is valid only so long as the density of N2
+ is much greater than the density

of N4
+ .

The solution to Equation (4) in the limit of very large r, i.e., small

loss by diffusion and ion conversion, is

1 1 e- 1 t-
= - + ~- e~' 1 (5)

n n+(O) +

where n+(O) is the initial ion-electron density. The open points of Figure 14

show the excellent nonlinear least sqires fit of Equation (5) to the

experimental data. In the fitting procedure the decay constant 0 and the
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product of the recombination coefficient a and the initial ion density n+(0)

were free parameters. The data of Figure 14 yield an+(O) = 4 x 104 s-1 and =

1.17 x 104 s-1. The average initial ion density <n,(O)> calculated from the

measured current and E/n value at the end of the discharge using data shown in

Figure 6 is 5.3 x 1017 m -3 , so that of a = 8.2 x 10 -14 cm 3/s. This

recombination coefficient is significantly smaller than the value of 2.7 x

10- 7 cm3/s measured in the afterglow of a microwave discharge[261 for 300 K

electrons and ions. The value of 0 for 300 K ions and electrons calculated

from nDa = 2.6 x 1020 m-1 s-1 from ion drift velocity data[19] and k c = 4-8 x

10 -
41 m6 /s from ion conversion measurements in drift tubes[28] is 5.6 x i0J

s-1 with about equal contributions from diffusion and ion conversion. Thus,

the apparent recombination coefficient is too small and the apparent diffusion

plus ion conversion loss is too large. Both a small recombination coefficient

and a large diffusion coefficient are consistent with the electron temperature

being well above 300 K during the afterglow of our experiment. Evidence for

the presence of an electric field which could heat the electrons during the

afterglow was presented in Section IV.

The results presented in this section show that the laser absorption

technique yields a very good signal to noise ratio and ion loss coefficients

in rough agreement with published reaction coefficients describing the loss

processes for N2
+ in the afterglow of a pulsed discharge. We claim that with

the advent of diode lasers the technique is much simpler to apply and is

useful over a much greater range of experimental conditions than are, for

example, the previously available techniques utilizing mass spectrometers for

ion identification. The technique is presently limited to a few ions, such as

N2
+ and CO+ , which have absorption bands in the range of available lasers.
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SECTION VI

INTERNAL ENERGY OF DRIFTING MOLECULAR IONS

Measurements of internal temperature of 02+ and N2
+ ions drifting at

elevated electric fields in helium have been carried out by Federer et al.[32]

A more detailed study of vibrational excitation and quenching of N2
+ in

collision with fie was presented later by Kriegel et al. [33] The rotational

temperature of N2  drifting in He was measured by Duncan et ai.[34] All these

drift tube experiments were performed in a buffer gas where charge transfer

does not occur.

The present measurements are intended to test models for the gain of

internal energy by molecular ions drifting through its parent gas where charge

transfer is the dominant collision. In particular, we have measured the

rotational populations of N2
+ in a pulsed discharge in N2 so as to test for

rotational excitation as the result of collisions of the form

N2+(X 2Z+, J' ) + N2 (X 'Z9+, J") - N2+(X 2Z+, J ' ) + N2 (X Z+ J+ .i)f

The pulsed, high current discharge is used instead of a low current, steady-

state drift tube in order to obtain a high enough ion density such that the

laser absorption technique can be used. By using a short pulse of current and

low energy input, the potentially interfering process resulting from gas

heating, metastable state production, and vibrational excitation are kept

small.
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A. Experiment

The rotational population measurement was based on the relative

integrated absorption for rotational transitions within the A 2r u _ X 2Z

(v'=2, v"=0) band. There were very few ion lines clearly separated from

transitions of neutral nitrogen as shown in Figures 3 and 4. In order to

obtain the integrated absorption for lines overlapped with transitions of N2

we have fit the experimental profiles with sets of theoretical lineshapes. It

is quite difficult to generate a set of asymmetric profiles because each

frequency step required a numerical convolution as illustrated in Figure 10.

To simplify the task we have used a multipass cell in which the laser beam was

sent through the discharge cell in both directions, i.e., the laser was

propagated from cathode to anode against the direction of drift of ions and

was reflected back from anode to cathode along direction of the drift of ions.

The first pass was seen by the drifting ions as shifted to the blue and the

second pass was seen as shifted to the red. The resultant line shape was

symmetrical. From the arguments of Section IV, the zero temperature

absorption profiles were back-to-back half Gaussians and produced the effect

of a full Gaussian with a width equal to twice that derived from Equation (2).

Convolution of the thermal velocity profile produces a broader Gaussian

profile. An experimental profile and its theoretical fit for the conditions

of Figure 3 except for the change in the optical path is shown in Figure 15.

We were able to measure integrated absorption profiles of N2
+ for

rotational transitions for quantum numbers J as large as 20. Several of the

N2  transitions overlapped the First Positive band of N2. An example is shown

in Figure 16 where the ion line corresponding to the rotational quantum number

J=14 is indicated by an arrow.
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B. Rotational temperature determination.

The interpretation of the absorption intensities in terms of a

rotational temperature requires a model which relates the intensities to the

relative populations. Such . :-e available[35] for levels which are

unperturbed by neighboring electronic states and for which the coupling

between the spin and the angular momenta are simple. The X 2ZS and A 2flu

involved in our absorption measurements are the ground and lowest

electronically excited states of N2+. Since the vibrational levels of the

transitions used in these experiments are well below the lowest vibrational

level of the B 2Z state, the levels are not perturbed. The X 2Z state

corresponds to pure Hund's case (b), while the B 2u+ state iq close to case

(a).[36] The coupling schemes and absence of any perturbation was confirmed

by Miller et al. [36] using laser induced fluorescence spectra of the A 2rju _ X

2.7 + (v' = 4 - v" - 0) band. The Honl-London factors are from Kovacs,[35] for

Hund's case (b) and AA = 1. Molecular constants for N 2
+ used for calculating

the energy levels and partition function are from analyses of experimental

spectra.[36-38]

For a Boltzmann distribution of rotational levels the relative

absorption signals A(J) are given by

A J S gj BJ(J + 1)
A (J) - 0 S gi exp - , (6)

Q(T,T r ) k T r

where J is the rotational quantum number, Sj R = J + 2, Q(Tt,Tr) is partition

function, Tt is the translational temperature of the gas, Tr is the rotational

temperature of the N2 , gj is the nuclear statistical factor of 1 for odd J

and 2 for even J for N2
+ , and A0 is a constant proportional to N2

+ density.
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A Boltzmann plot for a pure nitrogen discharge at a pressure of 0.3 Torr

is shown in Figure 17. Integrated absorption signals normalized to (J + 2)gj

are plotted for six rotational trm'iltions during the discharge and in the

afterglow. The rotational temperature is determined from the slope of the

Boltzmann plot and Equation (6). We read for N2* in N2 a temperature equal to

350 .. 15 K and for N2
+ in He, 430 ± 15 K during the discharge.

From the kPowledge that the rotational distribution is well represented

by the Boltzmann distribution, we have determined the rotational temperature

for N2
+ from the ratio of integrated intensities of the J = 20 line before and

after the pulsed discharge for pressure up to 1.5 Torr.

C. Test of internal energy model.

Measurements of the vibrational temperature by Federer et al.[32] and

Kriegel et al.[33] and of rotational temperature by Duncan et al.[34] for N2
+

ions drifting through He were compared with theory by Viehland and Mason

[39,40]. The measured internal temperature of the ions agreed very well with

theory.

We have measured the rotational population distribution and temperature

for N2
+ in N2 , where charge transfer is dominant, and for N2

+ drifting in He,

where charge transfer is small. For nitrogen in helium discharge we have

confirmed the measurements of the rotational temperature of N2
+ drifting in He

as measured by Duncan et al.[1l] Our measurements are about five times more

precise than those of reference 11.
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According to Viehland, Lin, and Mason[40) as quoted by Kriegel et

al.[33] the expression for the internal temperature T1 of a molecular ion

drifting through an atomic buffer gas is

II

k1.1+ 2
T. = -- k Tb + -- %vd , (7)

2 M. J 2 2

where Tb is the temperature of the buffer gas, Mb is the mass of the buffer

gas, M i is the mass of an ion, is the fractional energy loss per inelastic

collision, v d is the ion drift velocity, k is the Boltzmann constant.

The ion drift velocities were determined from the Doppler shifted and

broadened absorption profiles of N,+ measured using the diode laser system.

The results for 0.3 Torr pressure are given in Table 1. The uncertainty

quoted is for repeated measurements within a short period of time and is

limited by the stability of our laser system. However, the long term

experimental reproducibility is lower for reasons that are not fully

understood.
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Table 1. Internal energy data for N2 + in N2 and lie.

Pressure = 0.3 Torr.

N,+ in N2  N 2 in He

E/n (Td) 125 16

p (Torr) 0.3 0.3

Vd (Cin/S) 4.8 ± 0.8 X 104 8.8 ± 0.8 x10

Ti Theory 407 K 418 K

Ti Exp. 350 ± 15 K 430 ± 15 K
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In the case of a pure nitrogen discharge, the temperature Tb of the N2

was obtained from observation of the Doppler width of a ro-vibrational

absorption line of the First Positive band of neutral nitrogen B 3
R 8 i A 3,,

(v'=7 - v"=6). The derived temperature was Tb = 293 ± 5 K. For the nitrogen-

helium mixture we have assumed that the translational temperature of the

buffer gas Tb is equal to 300 K. We did not monitor any N. transitions in the

N2 - le experiments and so did not check for a temperature rise. The

calculated rise in the He temperature is small because of the low electric

field.

A lower limit to the theoretical internal temperature of N2
t drifting in

N2 of T1 = 407 K is obtained from Equation (7) using = 1. This value of E is

equivalent to the conventional assumption that all the internal energy is lost

to the N2 in charge transfer coliisions.[21,22] However, a value of E ; 2

would be required to reduce the calculated value of Ti to the experimental

value of 350 K. We conclude that for N2" in N2 the present form Equation (7)

is not applicable. It remains to be seen how one can quantitatively relate

the experimentally significant increase in internal temperature for N2+ in N2

to the expected[41] rapid rise in the cross section for rotational excitation

near threshold and to the prediction[41] that the cross section for

vibrational excitation is about 10 percent of the charge transfer cross

section at ion energies from 1 eV to 100 eV.

The internal temperature calculated using Equation (7) for N2
+ in He and

the conditions of Table 1 is Ti = 418 K for = 0. Using =0 is equivalent

to the assumption that the inelastic energy loss in collisions of N2
+ with

helium is negligible, i.e., that the cross sections for rotational and
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vibrational excitation and deexcitation are small. This result agrees well

with our experiment. This agreement is consistent with other researchers. [34]

S EC T I ( ; VII

IMPACT OF MEASUREMENTS OF METASTABLE PROPERTIES

This section is concerned with the impact of measurements made under

IAis program on models of the production of ionization in high current

discharges in N2 . In particular, we will estimate the relative contributions

of ionization by collisions between various pairs of excited states of N2 for

re presentative discharge conditions. The excited state pairs under

consideration include an N2 in one of the A 3 u+, a' 1Eu-, and a" 1Z +

metastable states of N2 and an N2 molecule in one of the various vibrational

levels of the X Z,+ ground state. In addition, we consider various

combinations of molecules excited to metastable and radiating states.

Associative ionization in collisions of pairs of these molecules have been

proposed[42-47] as being responsible for the growth of ionization

instabilities in high power, electric discharge lasers utilizing N2 . The

pairs under consideration and the corresponding rate coefficients are listed

in Table 2. In each case involving the X 'Z,+ ground state, the vibrational

level of the X state is chosen such that the sum of the excitation energies E,

for state 1 and C2 for state 2 is i,,-t greater than the ionization potential

of N2 of 15.58 eV or the energy necessary to form N4, by associative

ionization of 14.63 eV. Although associative ionization in collisions of

excited N2 with N2 in the ground vibrational state to form N 4, is

improbable,[48] associative ionization is favored in most[49,501, but not

all,[51,52] recent models of high current discharges in N2. In Tables 3 and 4
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we have estimated fractional populations and the contributions of various

processes to the ionization rate for two very different discharge conditions.

The conditions for Table 3 are those used by Capitelli, Dilonardo, and

Gorse[50] and approximate those of a high pressure discharge in N2 operating

at power levels similar to those of a CO2 laser. The conditions for Table 4

are adjusted to approximate those at the end of the pulsed discharge used in

our experiments.

The importance of ionization by N 4* formation by the X X pair has been

advocated to explain the measured nonlinear dependence of the ionization rate

on the degree of ionization of the N2 . [42,45,50] One reason for considering

this pair is that in a high current electrical discharge the populations of

the higher vibrational levels of the X state are known to be far in excess of

those calculated from a Boltzmann distribution at the "temperature" of the

lower vibrational levels. This excess is attributed to anharmonic

pumping.150,53] In Table 3 we have taken the fractional populations of the

vibrational levels of the X state from the calculations of Capitelli,

Dilonardo, and Corse.[50] In Table 4 we have calculated the vibrational

populations from the rise in vibrational temperature under the assumption that

essentially all of the energy input is to vibrational excitation[3] and that

vibrational relaxation[49] occurs on a time scale short compared to the length

of the pulsed discharge. The rate coefficient listed in Table 2 for

associative ionization in X X collisions is taken from Capitelli, Dilonardo,

and Corse.[50]

Associative ionization of the a"X pair has been advocated by several

authors[42,45] as an important source of ionization responsible for the growth

of instabilities in N2 discharges. As discussed in AFWAL-TR-88-2033, we have

47



Table 3. Estimates of ionization by various collision processes in a steady-

state N2 discharge for ne = 1019 m- 3 , n = 1025 m- 3 , and E/n = 60 Td. Note that

the electron excitation coefficients used are those for E/n - 100 Td as an

approximate allowance for the effects of vibrational excitation.

Pair [nl]/na [n2]/n f(Tv ,v) RAI( , 2 )/Re

X X NAb NA 2.3(-2) 1.8(4)

A X 4.6(-4)c NA 2(-2) 3.1(2)

a'X 1.4(-4) NA 3(-2) 1.4(2)

C X 2.1(-6) NA 6(-2) 4.3

E X 1.3(-8) NA 1(-1) 4.3(-2)

a"X 2.3(-9) NA i(-1) 7.8(-3)

a'A 1.4(-4) 4.6(-4) NA 1.4(2)

a'a' 4.6(-4) 1.4(-4) NA 4.2(1)

C A 2.1(-6) 4.6(-4) NA 2.0

C a' 2.1(-6) 1.4(-4) NA 6.2(-1)

a"A 2.3(-9) 4.6(-4) NA 2.2(-3)

e A 1.0(-6) 4.6(-4) NA 1.6(-1)

' [nlj means density of the first of the excited state pair listed in column

1, while [n2I is the density of the second of the excited state pair.

b NA means not applicable.

b 2.6(-18) means 2.6 x 10-"'.
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Table 4. Estimates of ionization by various collision processes at the end of

a pulsed N2 discharge for ne = 3.8 x 1017 m-3 , n = 1022 M- 3 , and E/n = 100 Td.

Pair [nl I/na [n2]/n f(Tv,v) RAI(, 2 )/Rel

X X NAb  NA 4.2(-63)

A X 1.1(-3)c NA 2.2(-68) 7.9(-64)

a'X 3.8(-3) NA 1.5(-50) 1.9(-45)

C X 6.2(-7) NA 1.6(-29) 3.4(-28)

E X 4.9(-7) NA 1.0(-22) 1.7(-21)

aX 8.9(-8) NA 1.1(-19) 3.3(-19)

a'A 3.8(-3) 1.1(-3) NA 1.6

a'a' 3.8(-3) .8(-3) NA 5.7

C A 6.2(-7) 1.1(-3) NA 2.6(-4)

C a' 6.2(-7) 3.8(-3) NA 9.2(-4)

a"A 8.9(-8) 1.1(-3) NA 3.7(-5)

e A 3.8(-5) 1.1(-3) NA 2.7(-1)

a [nl] means density of the first of the excited state pair listed in column

1, while [n2] is the density of the second of the excited state pair.

b NA means not applicable.

b 2.6(-18) means 2.6 x 10-18.
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used the laser absorption technique to measure the lifetimes of the a" state

and to determine rate coefficients for collisional coupling among the

rotational levels of the lowest vibrational state and for collisional

quenching to lower electronic states. The measurements make possible for the

first time the evaluation of the a"X associative ionization process as a

source of electrons in N2 discharges. Our quenching coefficient for the a"

state is listed in Table 2.

We will use the a" state kinetics to illustrate the calculation of the

contribution of metastable states to the nonlinear growth of ionization in N2

discharges. The rate equation governing the a" 'Xg+(v = 0) density [a"] is

d[a"]
= k (a") n n - k (a") n [a"] - A(a") [a"] , (8)

dte e q

where ke(a") is the rate coefficient for electron excitation of N2 to the a"

state, kq(a") is the rate coefficient for quenching of the a" state to a lower

electronic level, ne is the electron density, and A(a") is the radiative

lifetime of the a" state. Here the destruction of the a" in collisions with

the vibrationally excited X state or with other electronically excited states

has been neglected. The steady-state solution to Equation (8) is

ke(a") ne n

[a"] e e (9)
k q(a") n + A

Note that since the radiative lifetime for the a" state is very long, the

denominator of Equation (9) is approximately kq n and the N2 density cancels

out of the result. In general, it is convenient to divide both sides of
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Equation (9) by the gas density n and express the result as in Tables 2 and 3.

The rate of associative ionization is given by

R A(a"X) = k (a"X) [a"] [X(v > 13)]

k (a") n n

k Al(a"X) f(T ,13) n e e (10)
k (a") n + A
q

Here kAI(a"X) is rate coefficient for associative ionization rate in collision

between N2 molecules in the a" state and vibrationally excited N 2 with v > 13

and f(Tv,13) is the fraction of the N 2 molecules with v > 13. The fraction

f(Tv,v), where v is the lowest vibrational level capable of supplying the

energy required for associative ionization, is obtained from theoretical

calculations. [50,53]

Since the rate of ionization in collision between electrons and N2 is

Ri = k., n ne, the ratio of associative ionization to direct or single step

ionization is

RAI(a"X) k A(a"X) f(T v, 13) k e(a") n (11)

ReI k (a") n + A
q

In order to complete the prediction of the importance of this process, we must

estimate the effect of the population of high vibrational levels of the X

state on the rate coefficients for electron excitation of the a" state. In

Table 3 we have approximated the results[50] of models of discharges in N2 by

raising the effective E/n to 100 Td. This procedure gets around the absence

of published results for excited states of interest. Equation (11) is easily
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modified by inspection for use in calculating the ratios of ionization rates

appropriate to associative ionization in collisions of other electronically

excited states of N2 and vibrationally excited, ground state N2. The results

are given in Tables 3 and 4.

The rate of associative ionization collisions involving electronically

excited N2 in the a' 'ZJ,(v = 0) and A 3X, (v = 0) states is given by

R AI(a"A) = k AI(a"A) [a"] [A]

k (a") n n k (A) n n
e e e e (12)

=k i(a"A) ×x12

S k q(a")n + A(a")q k (A)n + A(A)

Here kAI(a"A) is the rate coefficient for associative ionization rate in

collision between N2 molecules in the a" and A states. The corresponding

ratio of the rate of associative ionization for the a" and A states to that

for electron impact ionization is

2
RAI(a"A) kAI (a"A) ke (a") ke (A) n (

Re l = kq(a") n + A(a )) k A)n + A(A) (13)

Values of the ratio given by Equation (13) for steady-state and pulsed

discharges are given in Tables 4 and 5. Again, Equation (13) is easily

modified by inspection for use in calculating the ratios of ionization rates

appropriate to associative ionization in collisions of other pairs of

electronically excited states of N2.

The results of the calculations presented in Table 3 illustrate the

potential importance of ionization resulting from collisions involving N2

molecules in high vibrational states. Thus, if the rate coefficient for

associative ionization in collisions between pairs of X 'Z,+(v - 32)
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corresponded to an average cross section of only 10-26 m2 
or 10-22 cm2 , this

ionization process would compete with single-step ionization of N 2 by electron

impact. A significant contribution from associative ionization involving

electronically excited N2 and vibrationally excited N2 would require much

larger rate coufficients. Although it is impossible to rule out such a small

associative ionization cross section, present opinion[44,46,47] is that the X

X process is not important. The skepticism concerning the rate coefficient

for the X X ionization process is based on the expected difficulty of

conIverting large amnounts of vibrational energy (v = 32) into the electronic

energy required for ionization, i.e., the expected low probability for a

favorable curve crossing between the product N4, in its ground vibrational

state and the wildly vibrating N4 formed from two highly excited N2 molecules.

The calculations presented in Table 4 suggest to us the possibility that

by using a pulsed discharge one could measure the rate coefficient for

associative ionization from the a'A or a'a' pairs without the complications

resulting from high populations of vibrationally excited N2 . The suggestion

that collisions between pairs of N2 molecules in the a' state may be

responsible for the growth of ionization instabilities was made some time ago

by Brunet, Vincent, and Rocca-Serra.[44] As yet there has been no direct

measurement of associative ionization rate coefficients for excited N 2 . A

possible means of producing a' state molecules, without the complications of

electrons produced by a discharge, is by two-photon absorption to the a

state[55,58] and subsequent collisional relaxation to the a' state.[55]
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SECTION VIII

CONCLUSIONS

In our study of the behavior of molecular ions in the positive column in

the low pressure gas discharge, we have demonstrated that an analysis of the

absorption line shape is a good method for measuring a macroscopic electric

field in N2 discharges. We claim the accuracy of the measurements of drift

velocity to be a few percent so that the accuracy of the E/n determination is

comparable with the accuracy of the published measurements of N2
+ drift

velocity versus E/n. Additionally, we have shown that when the contribution

to the velocity of the ions from the electric field is comparable with the

thermal velocity, the convolution of the high field velocity distribution and

the thermal Maxwellian distribution satisfactorily represents the velocity

distribution. We have demonstrated that for N2
+ in N2 there is no dependence

of the drift velocity on the rotational state of an ion. We also have shown

that the rotational population of the N 2
+ follows closely the Boltzmann

distribution and we have measured the rotational temperature of N2
+. We have

found good agreement of measured rotational temperature with the results of

widely used theory of Viehland et al. for N2
+ drifting in He as buffer gas.

The same theory fails to predict the internal temperature of N2
+ drifting in

N2 where the charge transfer plays a significant role in the collisional

process.

Advantages of the laser absorption-Doppler shift method for

determination of the E/n presented in this report are that the method is

nonintrusive and that time resolution on the microsecond scale can be

obtained. The method also makes possible accurate translational temperature
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determinations of the gas with a high time resolution during the discharge and

afterglow.

Recommendations for future work are:

(1) Use the diode laser absorption technique to measure the N 2' spatial and

time dependence in the cathode fall region of moderate current discharges in

N 2 . The absorption technique and the associated laser induced fluorescence

are much more quantitative than the optogalvanic technique used for N2
+ thus

far.[59j

(2) Measure the time dependent E/n and ion densities during the build up of

the discharge current so as to test recently developed models.[60]

(3) Extend the absorption technique to lower vibrational levels of the A2rIu

state using the newly available diode lasers operating near 810 rnm.

(4) Extend the absorption technique to the v = 1 vibrational level of the X

2Z,, state using diode lasers operating near 810 rnm so as to search for

vibrational excitation of the N2 . Not only does this test the theories of

internal energy of drifting ions,[24] but it should yield information

regarding the important process[611 of dissociation of N2
+ at high E/n.

(5) As shorter wavelength diodes become available, the absorption technique

should be extended to other gaseous ions, e.g., CO+ at = 500 rum.

(6) Use absorption by N2
+ as a probe of the electric field in discharges

seeded with small additions of N2 .

(7) Use simultaneous measurements of the N2 + and metastable densities by laser

absorption and of the electron density by microwave techniques to determine

the role of associative ionization in the growth of electron density at high

current densities.
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(8) Use the pulsed positive column discharge with laser diode diagnostics to

separate two-stage ionization involving relatively short lived electronically

excited states, such as the a' state, from two-stage ionization involving long

lived species, such as vibrationally excited N2 . This same approach would

separate out proposed [46] three-stage ionization involving N2 metastables in

the A-state or vibrationally-excited, X-state molecules.

(9) Look for laser absorption by N4
+ at wavelengths in the vicinity of 390 nm.

A diagnostic for this ion would be very useful in determining the importance

of associative ionization in N 2 discharges.
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