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SECTION I

INTRODUCT ION

The overall objective of the research described in this report is to

develop diagnostics and models required for measurement and prediction of the

properties of electrical discharges in molecular gases. Such discharges are

* of interest to the kir Force because of their utility in devices such as high

power switches, negative ion sources, lasers, and radio frequency discharge

processing and because of their role in phenomena such as lightning and

corona. The research program includes a) the development and application of

laser fluorescence and absorption techniques to the measurement of excited

state densities in electric discharges, b) the measurement of the properties

of the excited states of importance in molecular discharges of current

* interest, c) the application of various diagnostic techniques to the

* determination of the characteristics of moderate current density, transient

electrical discharges, and d) the quantitative comparison of these results

with appropriate discharge models.

During the past year we have been concerned with the development and

application of the laser diagnostic techniques to the measurement of the

properties of the c.311HU metastable state of H2. The properties of metastable

* 112 are of current interest because of the use of discharges in H2 as switching

devices (thyatrons), as negative ion sources, and as infrared lasers.

Previous work on the c 3 9 state of H2 is summarized in Sec. 11. The

* diagnostic techniques being applied to the measurement of the properties of

the c3 i1 state are discu.ssed in Sec. IIl, while the techniques and results

obtained thus far for the collisional destruction of the c I qUstate are

* discussed in Sec. IV. Recommendations for future work are made In Sec. V.



SECTION If

PREVIOUS RESEARCH

The metastable nature of the c311 state of H has been the subject of

many experimental1- 7 and theoretical 8 - 10 investigations. Of particular
interest for this investigation of the role of the H2(C3 u ) state in gas

discharge devices are accurate measurements of the wavelengths of spectral

lines terminating on the c3 1u state, measurements5' 7 and theory7 - 9 showing the

effects of predissociation and radiation on the c3Iu state, calculations I1 of

the interactions of excited H2 with ground state H2, and discussions of the

* role of the c3Jfu state in H2 discharges 12-15 and in astrophysics. 16 Very

recently, the properties of the predissociating levels of the C3 u state have

been shown to be important in the operation of an infrared H2 laser. 17- 18

The lower excited states of the triplet system of H2 are shown in Fig.

1. The lowest rotational level N=I of the v=O vibrational level of the c3 1lU

state lies 135 cm - below the lowest level (N=O, v=O) of the a3Z state and so

cannot radiate by an allowed dipole transition to the b3F+ state. The other

relevant properties of the H2 (c 3Iu) state will be summarized with the aid of

Fig. 2. Figure 2 shows the lower rotational levels of the v=1 vibrational

states of th, c 3fu state and of some of the states with principal quantum

number n=3. Also shown are the levels with + and - reflection symmetry which

characterize the lambda doubling properties of the I% states. Note that the

* splitting of the lambda doubled levels is too small to he observed in our

experiments with Doppler limited resolution. Experiment I and theory 8 show

that the levels of + symmetry (designated c 3 9+) have lifetimes against

predissociation of about 10- 9 s. The levels with - symmetry (c3 q- ) have

lifetimes 1,13 against forbidden predissociation and radiation ranging from I ms

20
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show some of the radiative transitions of interest in our experiment.
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to 100 vs, depending on the vibrational quantum number. These lifetimes are

so long compared to the lifetimes observed in our experiment that the exact

values are not important. Figure 2 shows that one possible route for collisional

-quenching of the f- leveLs is by rotational excitation or deexcitation with no

change in ortho-para symmetry but with a change in inversion symmetry. Note

that In spite of the small lambda doublet splitting, collisional or electric

field 4 ,10 mixing of the ortho- and para-levels is expected to be small, I.e.,

comparable with ortho-para conversion rate coefficients for H 2.

Figure 2 also shows some of the radiative transitions of importance In

the present experiments. As will be described In Sec. TIT we have observed a

large number of transitions from levels of the c3 IT state to higher states ofu

H2. Unfortunately, very little information is available as to the radiative

transition probabilities to be expected in the triplet system of H2. We would

he particularly interested in data for the relative transition probabilities

for the visible and LV transitions from the n=3 states to the c 3U and b 3

- states of H2.

0
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SECTION III

DIAGNOSTIC TECHNIQUES

The laser diagnostic techniques which we have been testing for use with

H2 discharges are laser absorption, laser induced fluorescence (LIF),

optogalvanic detection, and laser induced quenching. By far the most

successful has been the laser absorption technique. Figure 3 shows a portion

of a scan of the absorption signal produced by a H2 discharge operating at a

2 22 -3current density of 35 mA/cm at a density of 2 x 10 m . The laser line

width for this set of data was estimated to be 30 GHz compared to a calculated

Doppler width (FWHM) of 4.5 GHz, so that a better signal-to-noise ratio could

be obtained by operating the laser in a single mode. More recently we have

operated with a laser line width of about 7.5 GHz, but have not found it

necessary to use single mode operation. Absorption signals of about 10% were

2obtained by operating the discharge with a peak current of about 5 A/cm

A total of 55 absorption lines were observed in the wavelength range from

*574 to 614 nm. All except two of the lines were identified as H 2 lines using

Dieke's compilation. 12 Forty-three lines were identified as originating on

levels of the c311u state. The relative value of the measured absorption and

the associated quantum numbers of the rotational and vibrational levels for

these transitions are listed in Table 1. Six lines originate on levels of the

a Y level and four are unidentified H2 lines. Under some discharge

.0conditions the two strongest lines are the sodium resonance lines, presumably

F caused by sodium released from the glass by the discharge. The strongest H2K

absorption lines originate on rotational levels with N" = 1, as expected if

0 AN = 0 excitation by electrons is favored and if the line absorption

6
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Table I. Observed absorption wavelengths and Intensities for H2 (C37 ) metastahles

Observed Dirke 12 v"=0 v"=1 v-=2 v"=3

wavelength wavelength N"=I N"=2 N-=3 N"-I N"=2 N-=3 N"1I N-2 N"-3 N"-I N"-2 N--3

ortho para ortho ortho para ortho ortho para ortho ortho para ortho

6i3.4107 613.4284 1.4 /
612.1328 612.1198 1.4 /
610.0287 610.0199 / 0.9
609.1018 609.0886 0.5 /
607.8b83 607.889 / 2.2

607.1741 607.1568 g 3 1 c4 "  / 0.5
606.7601 606.7673 / 1.0
605.3403 605.3249 0.6 / /
604.5091 604.4641 / 0.3 /
602.1216 602.1253 4.1

0//
600.3210 600.2811 0.4 / /
599.1772 599.1780 /
598.8969 598.9224 / 0.5 4.2 /
597.5449 597.5445 /4.
596.9565 596.9683 / 1.2/

596.7378 596.7267 / 1.4
596.3351 596.3462 0.5 / ' 3

"*" 593.0738 593.1360 2.9 / j0 Tr4-C1r /
592.5668 592.5380 / .

588.8708 588.8624* /

"- 588.8155 588.8156 / 6.4 /$A sc3 11
588.4510 588.4659 1.8 /
588.3985 588.3938 / 2.1 /
587.8362 587.8527 / / 0.4
587.1430 587.1619 / 0.3
586.9013 586.9257 0.7

586.1774 586.1593* /
583.6118 583.6121 / 4.9
583.2780 583.2764 / 0.-

* 582.2144 582.2057 / 0.6? /
581.7042 581.7070 / 0.5
58i.5020 581.4949 / 1.1
581.2632 581.2602 7.7 /
'. 81.1869 581.1504 1.7 /
578.6059 578.5768 / 8.1

* * - IN--5

0
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coefficients are reasonably independent of level. Transitions originating on

vibrational levels with v" from 0 to 3 and with N" from I to 5 are observed.

Examples of the laser induced fluorescence (LIF) signal from c3 Tu

metastables 2 obtained by using UV sensitive photomultipliers are shown in Fig.

4. The discharge was operated at a H2 density of 3 x 1022 m -3 with a square
2

wave modulated current of 46 mA/cm . The laser power was 400 mW and the

photomultiplier output was measured using a synchronous detector. The upper

trace shows data obtained using an interference filter peaking at 170 nm so as

to eliminate discharge emission from the strongly excited3 singlet states of

H2 . This experiment yielded LIF only from vibrational levels of the c30u

state with v"=0. Since the Frank-Condon factors greatly favor Av = 0, this

* observation suggests that only the v'=0 levels of states with principal

quantum number n=3 are low enough in energy to result in the production of

fluorescence continuum with wavelengths as long as 170 nm. The peak LTF

signal was approximately 10- 4 of the background emission.

LIF data taken with a photomulitplier and filter system sensitive to the

wavelengths between 120 and 170 nm was used to obtain the signal shown in the

lower trace of Fig. 2. In this case one observes LIF from levels of the c3 IU

state with v"=0 through, 3 i.e., at the wavelengths of the stronger transitions

observed in absorption. Note the poorer signal-to-noise ratio in the lower

* trace, presumably caused by the large intensity of singlet state emission from

the discharge. The ratio of the LIF signal to the average discharge emission

was about 2 x 10 - . Since the LIF is a continuum the use of interference

filters, etc. is not expected to significantly increase the LIF relative to

noise. The large and slowly varying changes in background resulted from the

drift of a striation past the observation window.

9
0i~



IN N I [1 11I il 1. 1

HT 11 Ill li

mu ltlie seit v to 100< 00nm

il lS ll~ ld1

01



The optogalvanic detection technique 19 was successfully used for 12 lines

of the H2 discharge in the wavelength range of 574 to 614 nm, but the signal-

to-noise ratio was found to be too poor to be used for stabilization of our

laser. We have therefore not developed this technique further.

I-

I

I

I
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SECTION IV

H2 C3 au METASTABLE KINETICS

In view of the success of the laser absorption measurements of c 3,

metastables, we are applying this technique to the measurement of the

collisional destruction rate coefficients. On the basis of the information

presented in Sect. III and of discussions with theoreticians we expected that

the collisional destruction of the c3 1 u metastables by excitation transfer5 to

other electronic states of H 2 would occur with a rate coefficient of less than

about 2 x io- 16 m 3 /s, while that for destruction by rotational excitatlon and

subsequent predissocition6 would be significantly less than the gas kinetic

collision rate coefficient of about 4 X 1016 m3 Is. Thus, we expected that

the lifetime would be of the order of microseconds at H2 densities of 102 2

-3

in. Accordingly, we attempted to measure the lifetime using pulsed

discharges in H2 lasting a fraction of a microsecond and using an absorption

detection system having a response time of about 200 ns. This work is

*described in Sects. IV A and B. Our recent successful lifetime measurements

are described in Sect. IV D.

A. Pulsed discharge experiments

Representative waveforms obtained with this arrangement are shown in Fig.

5. Here we see that the light emission from the discharge has an apparent

full width at half maximum of about 250 ns, which is roughly what was expected

from the discharge current waveform. Tests of the detector and amplifier

chain with a high speed LED source showed that the response time of the

detection system was in this same range. From the final decay of the

* absorption signal in Fig. 5 we estimated the lifetime for the c a1 metastables

12
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Figure 5. Pulsed discharge emission and laser absorption transient by

H2(c 11TU) metastables.
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to be less than about 150 ns. Since we were unable to operate the discharge

in this short pulse mode at lower gas densities, we were unable to determine

from this type of experiment whether the metastables were being destroyed in

* collisions with gas atoms or with electrons.

B. Current dependence of metastable density

In order to test for c3 H metastable destruction by electrons we measuredu

* the absorption signal over a wide range of discharge currents as shown in

Fig. 6. This data shows that the peak absorption signal is approximately

-3 2proportional to the discharge current for currents from 3 Y 10 to 10 A/cm

corresponding to electron densities from about 2 x 1015 to 6 x 10T m -3 . The

H2 density was 2.2 x 1022 m -3 and the discharge tube diameter was 5 mm. At

this H2 density our measurements show that the metastable lifetime is short

compared to the discharge pulse length so that the peak absorption

measurements can be interpreted using a quasi-steady-state model in which the

production is balanced by the loss. If destruction by electrons were dominant

at the higher currents we would expect the absorption signal to become

independent of electron density and approximately independent of current. If

the metastable destruction were by collisions with H2 molecules we would

expect the absorption to be proportional to electron density and therefore

approximately proportional to current, as observed. We therefore tentatively

conclude that the observed metastable destruction tinder the conditions of our

*- experiments is due to collisions with H2 and that from the data of Fig. 6 the

rate coefficient for this destruction is greater than about 1.5 x 10- 15 m 3/s.

14
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K" C. Pressure dependence

We have also briefly examined the dependence of the peak absorption

signal on the H2 density at constant discharge current. The peak absorption

was found to be independent of H2 densitv for densities between 1022 and 102 3

m. , as expected for destruction of c3 uTU by H2. However, at higher H,

densities the absorption decreased with increasing 112 density. This behavior

is not understood.

D. High time resolution experiments

In view of the very large rate coefficient for c 3 Nu metastable

destruction, we have had to redesign our experiment to obtain much higher time

* resolution for the production and detection of changes in the metastable

density. A schematic of the apparatus is shown in Fig. 7. A N2 laser pumped,

pulsed dye laser was used to destroy a portion of the metastables by

excitation to higher states from which they can radiate to the b3 7+ state. We

measure this destruction and the subsequent recovery of metastable density by

observing the absorption of the cw dye laser signal with a high speed

photodiode and a fast transient digitizer. In the measurements made to date

the pulsed dye laser is tuned to a wavelength of 597.5 nm shown in Fig. 2.

This H2 line was chosen because the absorption measured in Sec. II was large

*• and because it is close to the strong optogalvanic line of Ne at 597.5 nm

which can be used to indicate proper adjustment of the pulsed dye laser. The

prohe laser was set to the 578.6 nm line of H 2 . As shown in Fig. 2 these two

* H2 lines have the same lower level.

In order to provide a high population of c 3u metastables the discharge
Zu

*was operated in the pulsed mode with a discharge length of about 4 11s, a

90 current density of about 2 A/cm 2 , and a repetition rate of 30 Hz. The pulsed

16
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N2 laser is triggered so as to provide a dye laser pulse after the discharge

current and metastable density has reached a steady value. The resultant

41 transient absorption wave form is shown in Fig. 8. For these discharge

conditions the absorption during the discharge was about 2%, so that for our

ratio of laser to Doppler linewidths the absorption is directly proportional

to the c 3flu density. For the pulsed dye laser conditions of 15 GHz linewidtb

and a pulse flux of 10 kW/cm 2 at the discharge the observed change in

absorption corresponds to a c3Tfu metastable depletion of about 50% at a 112

density of 102m

Our interest is in the recovery of population and therefore absorption

following the dye laser pulse indicated by the central arrow in Fig. 8. In

6 Fig. 9 this portion of the absorption waveform has been inverted and expanded

in time. The smooth curve of Fig. 9 shows the fit of a simple exponential to

this data. As discussed in Sec. IVE, we provisionally assume that the decay

constant of this exponential is simply the collisional destruction frequency

o of the c3 R metastables by H2 . We have measured such decay constants at H2u 2

densities from I to 3 x 1022 molecules/m3 , but have not completed analysis of

the data because of uncertainties in the system response, laser pulse width,

etc. Preliminary indications are that the destruction rate coefficient

required for consistency with these results is at least 2.2 X 15 m3/s.

= JThis is a very large value and corresponds to a quenching cross section of 90

0 ()2m2. Such large values have been found for quenching of some singlet
'" d3 21u

states of H2 and for the 112 d HU state.21

Many additional measurements are required before we can interpret this

data with assurance. Some are:

18
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* measurements of the system time response;

" • measurements of the dependence of the decay constants on discharge

current and the intensities of the pulsed and cw dye lasers;

• measurements over a wider range of H2 densities;

• observations of the changes in populations of nearby rotational,

vibrational and electronic states which may be collisionally or

radiatively coupled to the depleted level; and

• measurements of the decay constants for other rotational and

vibrational levels of the H2 c 3Hu state.

E. Models of H2 excited state behavior

S-We have initiated the development of models of the transient behavior of

the excited states of H2. In particular, we have examined solutions of the

coupled rate equations describing the populations of the metastable and

. predissociating levels of the c3 Tu state and of the a3E+ state. Some of our

results are shown in Fig. 10. Here the upper two curves show the two decay

constants of the model, while the lower curve shows reciprocal of the

normalized emission from the a3 Z state. The points associated with the lower

curve are from our previous (AFWAL-TR-84-2017) measurements of the UV emission

from the a3 E state, while the square points are our preliminary data discussed

S in Sec. IVD. The solid curves are calculated neglecting collisional coupling,

while the dashed curves are calculated with as large collision coupling rate

coefficients as can be used while still fitting the emission data and while

assuming forward and backward rate coefficients to be related by thermal

equilibrium formulas. We conclude that with this limited model, collisional

coupling of the c3  and a3Z states would be difficult to detect using the

present measurements. These analyses bring out the importance of attempting
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Figure 10. Decay constants (upper two curves) and relative amplitudes of UV

emission (lower curve) for collisionally coupled c3n~ and z+
u g

* states of H2. The solid lines are calculated neglecting collision

coupling while the dashed line is calculated using the maximum

* . collision rate coefficient consistent with the emission data shown

* by the circular points. The square points show our preliminary

decay constant measurements.
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to experimentally distinguish between collIsional destruction of the c3 11u

state by a) excitation transfer to the a3Z state, or b) rotational excitation

to a predissociating level, or c) formation of a dissociating state I I of H4.

These considerations lead to the suggestion that one may be able to observe

the depletion of the population of the a3Z state when the c3 density is

depleted by the pulsed laser or vice versa.

The preliminary data analysis described in Sec. IVD is based on a

33

I'. simplified rate equation for the c3 u metastable population M(t) in which we

neglect any collisional or radiative transfer from other levels to the c 3TIU

level. This equation is

dM(t) = k n n - k nM(t) - a M(t)
lo dt e e q hv

where ke is the rate coefficient for electron excitation of the v"=2, N"=I

level of the c3 fIu state, ne is the electron density, n is the H2 density, kq

is the total rate coefficient for collisional quenching of the metastables by

* H2 , and a is the effective cross section for absorption of the pump laser flux

r and hv is the photon energy. The solution of this equation after the laser

, pulse, i.e., for large enough t so that r(t) o, is

kn

M ee AMe- Vt (2)
'U kq

* q

where the decay constant is given by v = k n and AM is the change in the
q

metastable density at the end of the laser pulse. The maximum in the

* metastable depletion is obtained by setting dM/dt = 0 in Eq. (1) to obtain

k n ar(t)/hv
AM ee (3)
max k [k n+ar(t)/hv] (

q q

23
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Note that AM in Eqs. (2) and (3) are approximately equal but not identical.

Equation (3) is observed to be approximately obeyed in our experiments.
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SECTION V

CONCLUSIONS

The results described in this report show that the properties of the

metastable state of H2 in electrical discharges in H2 are much different than

- previously thought, i.e., the collisional lifetimes are very short. We have

successfully adapted modern pulsed and cw dye laser techniques to the

measurement of these lifetimes. We therefore recommended that these

experiments be continued so as to determine the rate coefficients for the

collisional destruction of the c39u metastables and for any collisional

coupling to nearby states of H2 . These experiments should then be extended to

determine the excitation coefficients for the c3  state metastable state.

Future work should emphasize the application of the techniques developed

* to the diagnostics of discharges and the improvement of our ability to predict

more accurately the characteristics of these discharges. An example is our

- plan to use measurements of excited state densities to test models of spatial

development of parallel plane discharges in the presence of space charge

effects and any ionization resulting from the presence of excited molecules.

Electrical discharges in molecular gases such as H2 (D2 ) are the subject

of renewed interest because of their importance in devices such as high power

switches, plasma processing cells and negative ion sources and because of the

need for improved performance of these devices. The physical processes, such

as metastable formation and quenching, being measured tinder this project for

H2 are also of importance in atmospheric gases where current interest is in

charged particle beam propagation, lightning, etc. One question of importance

in understanding and predicting the times characteristic of current switching

in hydrogen thyratrons being answered by this research is the effective

25
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lifetime of the metastable state of H2 and the role of collisions which quench

or ionize the metastables in the growth and decay of the electron density.

Another question is the role of electronically excited states, such as the

c3 Fu and a 3 E+ states, in the production of vibrationally excited H2 inu g

discharges used for the production of H ions.
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