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Hydrogen dissociation in a H-N, pulsed dc glow discharge
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The absolute concentration of hydrogen atoms is measured in the positve column of a pulsed dc discharge
by two-photon absorption laser-induced fluorescence.jraitl H-N, gas mixtures at constant pressure and
current. The discharge pulse duration is varied fromuB@c to 1 msec. For shorter pulse durations of 10 and
100 usec, the H-atom signal decreased monotonically wishcbincentration; for longer pulse durations of
=500 usec, the fractional dissociation of the i enhanced with increasing,Moncentration. The change in
H-atom production from direct electron impact dissociation of & short times compared to that from
multiguantum vibrational energy transfer induced dissociation phHong times is determined from tempo-
rally resolved H-atom concentration measurements.

PACS numbd(s): 52.20.Hv, 52.70.Kz, 52.80.Hc
. INTRODUCTION Il. EXPERIMENTAL DETAILS

A schematic diagram of the experimental apparatus is

Molecular gas discharges in,fand H-N, gas mixtures shown in Fig. 1. The main components of the apparatus are
are commonly applied in metal surface nitridirig-5], while . 9. L. P PP
e discharge cell, the electronics, and the probe laser sys-

H, discharges are used for surface treatments, e.g., cleaning, . ; S
passivation, and etching, in the Si and GaAs semiconductdF™: The discharge cell is a cylindrical glass cell, roughly 37

industries[6—8]. These applications have prompted numer-CM in height and 7.5 cm in diameter. Two sets of opposed
ous studies on gas discharges of both pugeakid N, [1,9— windows (diameter 5 cry orthogonal to each other, are lo-

15] as well as discharges of,;HN, gas mixture§2,3,5,16—

discharges in molecular gas mixtures are further complicate

by heavy particle energy exchange processes as well as dfiade of high-quality fused silica and the fluorescence-
rect electron impact processkg21,23. viewing windows are made of BK-7. The cell is evacuated

The addition of a small percentage of kb a N, dis- through 3.5 cm il.(d. glalsk? and |_”In;atal queshby an Alcatel 5Q1r?
charge substantially increases the dissocitation of2\L]; drag pump, backed with an oil-free diaphragm pump. Wit

similarly the addition of a small percentage of ko a H,
discharge increases the, Hlissociation[20]. Nagpal et al.
[22] measured the absolute dissociation efficiency ofrHa Flow High Voltage
H,-N, gas mixture discharge and, from their analysis of the Controller Polser
energy balance, showed that the tas dissociated via a
multiquantum @Gv=18) vibrational energy transfer mecha-
nism with vibrationally excited ground electronic statg N Flow Meters
(X 12$ ,v). Measurements of the fractional dissociation ef-
ficiency of D, in a D,-N, discharge revealed the same high
degree of dissociation of ) demonstrating that the Hand
D, could be dissociated by a similar multiquantum vibra- _
tional energy transfer mechanism witf I&Xlﬁg ) [25]. I P ey DY A
The aim of this study was to further investigate the heavy- Joulomoter
particle energy transfer dissociation of, ith a H,-N, gas -
discharge by examining the H atom production in temporally Pump
resolved, pulsed discharges rather than steady-state dc or rf R
discharges. The H atoms produced in the pulsed dc dis-
charges were measured by two-photon absorption laser- Baratron
induced fluorescenc@ALIF) [28]. A high-voltage constant Delay
current pulser with variable pulse duration was used to excite Generator
the discharge. By varying the discharge pulse duration from
a short time regime where the,Hs dissociated by direct
electron impact to a long time regime where the discharge
approaches steady-state conditiof%21,23, the heavy-
particle energy transfer contribution to H-atom production
relative to direct electron impact was examined. FIG. 1. Schematic diagram of the experimental apparatus.
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no gas flowing, the system pumps down<td. mTorr. 800

The discharge gas flows were controlled with flow con-
trollers (MKS Type 1259 flow controllerand an MKS Type
247C four-channel readout, while the cell pressure was
maintained by a control valve and an exhaust valve control-
ler (MKS Types 253A and 252, respectivelfhe cell pres- 700
sure was measured with a baratron pressure gaMiEs ]
Type 102A whose output was sent to the valve controller ]
for maintaining a constant pressure in the discharge cell. The 650
gas flow could be varied from 0 to 100 SCOCCM de- &
notes cubic centimeters per minute at $Taéhd the baratron g)
pressure gauge operated in the range 0—10 Torr. The gase_
were externally mixed, after the flow controllers, and entered> ]
at the top of the cell through an internal glass-tubing loop £ 2 550 -
with evenly spaced 1 mm holes. Both the EHnd N, dis- ]
charge gases were obtained from MathesbiP grade, :
99.999%. 500 4

The discharge electrodes were two aluminum discs 5 cn ]
in diameter with an interelectrode spacing of 7 cm. The dis- ]
charge voltage was provided by a current-regulated, pulsec 450 -
power supply. The current was adjustable to 1.5 A, and the
voltage was adjustable to 12 kV. The pulse width could be
adjusted from 5usec to 1.1 msec, with pulse rise and fall
times of less than 0.xsec(with a 5K ballast resistgrand
a repetition rate of single shot to 20 Hz.

The measurement of atomic hydrogen via TALIF has
been detailed elsewhef0,28. In brief, the output of a )
Q-switched, Nd:YAG-pumpedwhere YAG is yttrium alu- H, Fraction
minum garnetdye lase(Quanta-Ray DCR-2A, PDLytear FIG. 2. H,-N, discharge voltage as a function of gas mixture
615 nm(SR-640 dy¢ was frequency doubled in a tempera- and discharge pulse duration, Hftaction is the fractional flow of
ture stabilized potassium dihydrogen phosph&f@P) crys-  H, in the H-N, gas mixture. Cell pressure, total gas flow, and
tal. The resulting uv radiation was then mixed with the dyedischarge current were 2.5 Torr, 40 SCCM, and 250 mA, respec-
fundamental in g3-barium boratgBBO) crystal to generate tively.
the 205 nm radiation for exciting atomic hydrogen from the
1s to the 35,3d states. The Balmes# emission(656.3 nn erator, which was also computer controlled. The hydrogen
from the excited hydrogen was detected at right angles to thatoms were probed 2@sec after the discharge pulse was
laser and the electrode axis by a Hamamatsu R1477 photédrned off.
multiplier tube(PMT). The residual 205 nm probe radiation

Dlscharge Pulsc Length (usec)

750

600 -

Disch:

400 -

350 +—FF—i———————————
00 01 02 03 04 05 06 07 08 09 10

was measured by a Molectron Model J3-05 power meter af- IIl. RESULTS
ter exiting the discharge cell. Probe pulse energies were typi- '
cally 200—300u.J. Variation of the measured discharge voltage withftdc-

The fluorescence was collected through an iris diaphragrtion in the gas mixture for four discharge pulse durations is
by a focusing lens and passed through a narrow bandpaskown in Fig. 2 for a cell pressure of 2.50 Torr and a dis-
filter centered at 656 nr8 nm full width at half maximum  charge current of 250 mA. The discharge voltage can be seen
and neutral density filters. The iris diaphragm reduced théo vary only slightly (<10%) with H, fraction in the gas
background signal due to scattered laser light from the winmixture over the entire range of,Hraction in the gas mix-
dows, while the neutral density filters eliminated saturationture. The volume electric field was determined as a function
of the PMT due to the large plasma-induced emission durin@f gas mixture, with a movable gap spacing for a cell pres-
the discharge pulse. The PMT output was amplified and sergure of 2.50 Torr and a discharge current of 250 mA. The
to a digital oscilloscopdLeCroy 9354Q for signal capture fixed anode electrode used for the TALIF experiments was
and averaging, while the laser power-meter output was alsmeplaced with a movable electrode assembly. The movable
sent to the oscilloscope. The averaged PMT signal and las@nd fixed electrodes were the same diameter and made of the
power-meter signal were finally sent to a PC for signal pro-same material. The electrode gap spacing was incrementally
cessing. changed, wh a 7 cm gap as thmidpoint of the electrode

The hydrogen-atom TALIF measurements were periravel, and the discharge voltage was measured after each
formed with a cell pressure of 2.5 Torr, a total gas flow rategap spacing change with a high-voltage probe. Plots of the
of 40 SCCM, and a constant discharge current of 250 mAdischarge voltage as a function of electrode gap spacing were
The cell pressure, gas flow rate, and gas mixture were coniinear. Slopes of these curves, with 7 cm being the center
puter controlled. The duration of the discharge pulse wapoint, determined the volume electric field. The determined
varied from 10usec to 1 msec and synchronized with the electric fields in gas mixtures of 10—100 % #kh H,-N, for
laser probe pulse by a Stanford Research DG535 delay gethe different discharge pulse durations are shown in Fig. 3.
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FIG. 4. H, plasma emission in a Hdischarge for 100 and

.FIG' 8. Determined vplume_ electric field n 3, discharge 1000 usec discharge pulses. Discharge conditions were the same as
using movable gap spacing. Discharge conditions were the same as

in Fig. 2. n Fig. 2.

charge pulses in a pure,Hlischarge is shown in Fig. 4. The
In general, the electric field is highest for the shortest disemission for the 100@sec pulse(solid curve shows an
charge pulse (1@sec) and decreases with pulse duration.initial burst of H, emission in the first 20Qusec, followed
The electric fields for the 500 and 10@Gsec discharge by a constant level for the remainder of the discharge pulse.
pulses are lower than those for the 100 and 28@c pulses The 100usec pulse(dashed curvehas the same shape as
because of gas heatin@8,19. the first 100usec of the longer 100@sec pulse before shut-
The determined electric fields in Fig. 3 for pulse durationsting off at 100usec. The H emission for all pulse durations
of 10, 100, and 100@sec monotonically increase with,N used has the same temporal shape and can be visualized by
dilution (i.e., decreasing fifraction in the gas mixtupe The  truncating the 100Qwsec pulse in Fig. 4 at the appropriate
shape of these curves is in agreement with calculations of thgme (as in the case of the 10@sec pulse shown in Fig.)4
electric field [17-19,26 and with electric field measure- From the determined volume electric fielE/n values
ments[19] in H,-N, gas mixtures; the electric field increases (whereE is the electric field and is the number densijycan
with decreasing Hl fraction in the B-N, gas mixture. The be estimated. The plasma emission decreases with pulse du-
electric fields for 200 and 50@2sec pulses as a function of ration up to 200usec as does the electric field; thus, for the
H, fraction in the gas mixture exhibit behavior that is differ- shorter discharge pulses, it is assumed that gas heating is
ent from that for the 10, 100, and 10@Gec pulses. The negligible and the number density does not change. At
electric field decreases with the initial addition of Nefore  longer times(200—1000usec), the electric field decreases,
monotonically increasing with decreasing Haction in the  but the plasma emission is constant. This implies tat
gas mixture. The decrease in electric field at 90% isl  remains constant from 200 to 10@Gec and that the number
greater for the 20Qusec discharge pulse than for the density is lower because of gas heatji@,19.
500 usec pulse. This initial decrease in the electric field with  The relative H-atom signals were measured as a function
the addition of N is not present in the calculations of H, fraction in a B-N, gas mixture at a constant pressure
[18,19,28. The reason for this decrease in the electric field isand discharge current as described above. Since it is known
not clear, and at present we have no explaination for this diphat H-atom fluorescence is quenched more bytdn by H
in the electric field. [29], it was necessary to examine the temporal decay of the
Along with the volume electric field, the background H-atom fluorescence for different mixtures of k N, under
plasma emission viewed by the PMT through the 656 nmthe same discharge conditions used for the relative H-atom
bandpass filter, corresponding to, Hwas recorded. The measurements. The H-atom TALIF fluorescence signal wave
background plasma emission for 100 and 1@3®&c dis- forms for 100%, 50%, and 20%,Hn H,-N, gas mixtures
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along with a PMT signal wave form of the 6-nsec probe laser 140 5 5 5 5 5 ; ; ;
(scattered from a spot at the focal point of the collection if i1 iGas Mixwré

optics were recorded. The temporal profiles of the H-atom . 100%H
fluorescence signal wave forms were the same for all the ga |5, $0/20 2 N
mixtures and slightly broader than the scattered light wave £ H,-N,

form, indicating that the fluorescence decay time was the : : : 1" S0/50H, -N,
same in the gas mixtures. The decay time of the signal wave L ] o 20/80H,-N, :
forms obtained from a semilogarithmic plot confirmed that 120 i O ......... E ......... 4444444444 e T _
the lifetime of the fluorescence decay for the different gas ] I D 5
mixtures was the saméNote that similar behavior was re- % : ¢ i S
ported previously20].) Since no difference was observed in & 110 ddoe Jodoidonn @ B L .

110 oo d FRTTOPEIY SPPPRPYY: SPPRNR
the fluorescence decays for gas mixtures of 0—80%4rN {) :
H,-N,, no quenching correction was applied to the relative H T : : :
atom signals as a function of,Nraction. P 5 o

To ensure that the plasma emission background sign & 100 _{ ......... 4444444444 = i 44444444 % 44444444 . 44444444444444444 4444444444 _
would not obscure the H-atom TALIF fluorescence signal, 5 I P
the H atoms were probed after the discharge pulse wa:
turned off. Although the plasma emission was attenuated by
neutral density and narrowband bandpass filters, an emissio
signal at 656 nm from both Hand the N first positive
emission was still viewed by the PMT. This interference
from the background plasma emission signal to the H-atom
TALIF signal was reduced by measuring the TALIF signal
20 usec after the discharge pulse was turned(affa delay T
of 20 usec after the discharge was turned off, there was 70 L
virtually no plasma emission signal for any of the Hac- 0 20 40 60 80 100 120 140 160 180 200
tions in H,-N, gas mixtures usedTo verify that the H atom Time After Discharge (usec)

TALIF signal did not change from the time the discharge _
was turned off to the time the H atom was probed, the tem- FIG. 5. H-atom TALIF signal in a BN, discharge as a function
poral behavior of the signal was measured. Figure 5 show@' ime after the discharge pulse was turned off for various gas
the H-atom TALIF signal in the time interval 10—2Q0sec mlxtu_r_es. Gas compositions are mdlcated on the graph. Discharge
after a 500usec discharge pulse was turned off for gas mix-conditions were the same as in Fig. 2.

tures of 100%, 80%, 50%, and 20% kh N,. It is apparent

that the signal was nearly constant over this period and did0—60 % H indicates that the fractional dissociation of i

not change during the 20@sec time delay after the discharge increasing with N concentration with the longer pulse.
pulse. In the same way, the H-atom TALIF signal was mea-

sured for all the discharge pulse durations used; the signal

did not change_ for this_ per_iod for any pulse du_ration. IV. DISCUSSION

Hydrogen dissociation in the mixed-gas discharge was
initially measured with short duration discharge pulses—10 The relative H-atom TALIF signal was calibrated to an
and 100 usec (at constant currejpt The relative H-atom absolute number density using the calculated fractional
TALIF signal as a function of Kfraction in the H-N, gas  power deposition into Kdissociation in a pure Hdischarge
mixture for these short duration pulses is shown in Fig. 6[22] and the experimentally determineé/n values. The
Although the relative signal level is lower for the shorter fractional power deposited into different inelastic modes—
duration discharge pulg@ote that the signal has been mag- electronic, vibration, rotation, and dissociation—was calcu-
nified five times in Fig. § the two curves are essentially the lated by Nagpakt al. [22] for H,, N,, and specific BN,
same; the relative H-atom signals decrease monotonicallgnixtures as a function d&/n. The fractional energy density
with increasing N fraction in the gas mix. The relative deposited into H dissociation with the discharge conditions
H-atom TALIF signals for longer duration discharge pulses,used here for the pure,Hlischarge was calculated from the
200 and 100Qusec, along with the 10@sec data, are also determinedE/n values and the calculated fractional power
shown in Fig. 6. The shapes of the relative signal curves fodeposited into Kl dissociation. The absolute H-atom number
the longer duration discharge pulses are not the same agnsity for each discharge pulse duration used was then de-
those for the short pulses. The H-atom signal initially de-termined from the calculated energy density, assuming an
creases with the addition of Nthen increases with further energy dissipation of 10 eV in Hlissociation(The thermal
addition until it levels off for 10—60 % klin the gas mix for  dissociation energy of Jis ~4.5 eV, while the threshold
the 1000usec duration pulse; for the 2Q@sec pulse, the for H, dissociation by electron impact is9 eV. Thus the
signal initially decreases and then increases with the additionse of 10 eV—uwhich is just above threshold but approxi-
of N, as in the case of the 10QWsec pulse, but then de- mately twice the dissociation energy—would mean that the
creases after reaching a maximum at 60-70% Whe calculated number densities would be at most low by a factor
nearly constant H-atom signal for the 10Q8ec pulse with  of 2.) The calculated absolute H-atom number density along

gnal (arb. units)

Si
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FIG. 7. H-atom TALIF signal calibration for a Hdischarge
Ifrom power deposition calculation. Open squares are calculated
&ensities and closed circles are experimental TALIF signals. Rela-
tive TALIF signals were scaled to the calculated densities at the
10 usec data points.

FIG. 6. Relative H-atom TALIF signal as a function of dis-
charge pulse duration. Discharge conditions were the same as
Fig. 2. Note that the signal for the J@sec discharge puls®ottom
graph has been multiplied by 5 to facilitate comparison with the
100 wpsec pulse signal.

gas heating should be negligible for a &8ec discharge

with the electric field E/n values, and fractional power de- pulse, the gas number density will not be affected by any
posited into dissociation is summarized in Table I. It shouldtemperature rise in the constant pressure discharge. The
be noted that because of gas heating during the lof@¥¥  H-atom TALIF signals for the other discharge pulse dura-
and 1000usec) discharge pulses, as discussed previouslytions were then scaled from the TALIF signal for the
the E/n values were assumed to remain constant for dis10 usec pulse. Although the TALIF signals were roughly
charge pulses=200 usec. constant for the first 20@.sec after the discharge pulse was

The relative H-atom TALIF signal for a pure,Hdis-  turned off(see Fig. 5, the signal level did decay exponen-
charge was then calibrated to the calculated H-atom densitigally for longer times after the discharge pulse was turned
derived from the fractional power deposition calculations byoff (the decay was measured up to 10 msec after the dis-
normalizing the TALIF signal of the 1@sec discharge charge was turned off The TALIF signal for the 500 and
pulse to the corresponding calculated absolute density. Sind00 usec discharge pulses was corrected for this long-time

TABLE I. Volume electric field,E/n values, energy densities, and absolute H-atom densities calculated
from fractional power deposition in a,Hlischarge.

t (usec) E(Vicm) E/n (Td? P (WicnT) %P°  E, (1078 Jien?)  [H] (108 cm3)

10 579 7011 0.73£0.11 544 4.0+0.7 0.5G+0.08
100 3914 48+17 0.5G:0.18 3812 19.0:0.9 2.4-1.2
200 38-14 475 0.48+0.05 3812 36.5£1.2 4.4-1.4
500 143 47+10 0.18-0.004  38-12 34.2-1.3 4.2-1.6
1000 14-3 47+10 0.18-0.01 38:12 68.4-2.2 8.4£2.8

3 TownsendTd)=10"1" V cm?.
bFractional power deposition in Hissociation from Ref[22].
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FIG. 9. Fractional H dissociation as a function of discharge

FIG. 8. Absolute H-atom density as a function of gas mlxturesloulse durations for different gas mixture in a-N, discharge.

for different discharge pulse durations in a-N, discharge.

decay by multplying the TALIF signal level by a correction ~ Enhancement in the fractional dissociation gf wth the
factor that grew exponentially with the inverse time constan@ddition of N, in a discharge is well knowp16,20,21,24
of the measured decay rate before being scaled to the absbhe previous studies were conducted under steady-state con-
lute number density. The calibrated H-atom TALIF signalsditions; in the present study the pulsed discharge used al-
and calculated H-atom number densities for a pugedid-  lowed examination of the temporal evolution of the #is-
charge are shown in Fig. 7. The scaled TALIF signal is ob-sociation in the H-N, discharge. At 1Qusec, the H is
served to be in reasonable agreement with the calculatedissociated by direct electron impact since insufficient time
H-atom densities. is available for energy buildup and transfer by heavy-particle
The relative H-atom TALIF signals as a function of gas collisions [30,31]. Similarily, the H-atom signal for the
mixture and discharge pulse duration were then calibrated00 usec pulse suggests thaj I8 dissociated by direct elec-
from the absolute H-atom densities of the puredikcharge tron impact since the shapes of the H-atom signal curve for
of Fig. 7. The calibrated H-atom densities are shown in Figthe 100usec pulse and the 1@sec pulse are essentially the
8. The increased fractional,Hlissociation with N addition = same. This is also evident from the fractional dissociation of
for the longer discharge pulses, 500 and 1@@&c, is evi- H, in Fig. 9 where no change occurs in the H-atom signal
dent in the figure from the nearly constant H-atom density inwith N, concentration for 10 and 10@sec.
the range 10—60 % 41 In contrast, for the shorter pulses, the  The H-atom signal for the 500 and 10@ec discharge
atom densities decline monotonically with, Idddition. The pulses indicates an enhancement in the fractional dissocia-
enhancement of fractional Hlissociation with pulse dura- tion of H, with increasing N concentration. The Hfrac-
tion and N is evident in Fig. 9 where the H-atom densias  tional dissociation increases with, Moncentration for these
a percentage of Hin the H,-N, gas mixture is shown as a longer pulses. As shown previously, this increase in frac-
function of pulse duration and gas mixture. For dischargdional H, dissociation cannot be caused by direct electron
pulses up to 20Qusec, the increase with pulse length is smallimpact[17,20,3Q since the majority of the power deposited
and no dependence on, oncentration is observed. How- in a H,-N, discharge is deposited into vibrational and elec-
ever, for the longer discharge pulsé®0 and 100Qusec), tronic excitation of N [18,22. The increase in fractional H
where heavy-particle collisions become significant, the in-dissociation is due to energy transfer collisions with elec-
crease in the fractional dissociation of With N, dilution is  tronically and vibrationally excited N[24]. Under continu-
large, indicating the increase in heavy-particle collision-ous discharge conditions, a detailed analysis of the power
induced dissociations. deposition in a H-N, discharge showed that although some
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contribution from electronically excited Nwas made to dis-

sociating H, it could not account for the experimentally ob- 106 g Dischage Rulse Lengthi (usec). 4
served fractional dissociation enhancemd®,22. The ma- ] ©T,=3000K i|—e— 1000 ]
; z | —a— 500

jor contributer to the dissociation of Hwas vibrationally 10" e e 100 ------------ 3
excited Ny (XS ,v=>18) [22,24,25. The temporal evolu- ] : : : : : ]
tion of the vibrational excitation of Nin a pure N discharge

by vibrational energy transfer up-pumpifg2,33 was cal-
culated by Gorse and CapiteB1]. However, comparing the
determined H-atom density at 10@Gsec for 10% H in the
H,-N, gas mixture with the calculated value of the M
=18, density at 100Q:sec, the calculated buildup for these
high vibrational levels is not sufficiently fast to account for
the measured H-atom density. If the H atoms are producec
by a multiquantum energy transfer from vibrationally excited
N,, the vibrational population of Nin v=18 must be at
least the same as the H-atom density. The calculated N
=18, population is three orders of magnitude lower than the ~
measured H-atom density. Note that the calculation was for'g
slightly different discharge conditions—highé&i/n value ;
[60 Td (1 Td=10" Vcm?)] and pressuré5 Torn versus &
E/n~40 Td and 2.5 Torr pressure in the experiment. Thus,E
the buildup of N vibrational excitation would be expected to

be slightly more rapid in the calculation then in the experi-
ment; although the addition of 10%,Ho a N, steady-state ] : : 5 5 : :
dc discharge increases the midrange vibrational population: 10" i i i i i i

[H, (V)] (cm™)

(v~10-25) in N [18], those populations are only increased 0 1 2 3 4 5 6 7
by a factor of~5-10. The density is still much less than the H, Vibrational Quantum Number

observed H-atom density. Thus, in contrast to steady-state
conditions where the calculated equilibrium densities in ex- FIG. 10. Temporal evolution of the Hvibrational populations
cited N, vibrational levels are many orders of magnitudefor 10% H, in a H,-N, discharge for two initial vibrational tem-
higher [22], it appears that vibrationally excited,Nalone peratures. The_top graph is for an initial vibrational temperature
is not responsible for the fractional enhancement in the H To=3000K while the lower graph is fdf, =3500 K.
dissociation.

N, can be vibrationally excited in a discharge by vibra-

tional energy transfer up-pumping, and calculations have M: > k2N
. . . dt VAVARL AL
shown that H can also be vibrationally excited by the same v=0-6
processe$10,34). Another possible mechanism of H-atom
production is multiguantum energy transfer dissociation of - K\H,?T‘HnHanZ,H, (]
vibrationally excited H from vibrationally excitated Bl The v=0-6

calculation of Loureiro and FerreirflO] showed that the

buildup of vibrational population in N v ~8-10, was com- oo H

parable to the H-atom density measured for a 1p8ec  energy transfer from for N, to H,, K\%" are the rate

pulse. The H would have to be excited to the=4 and 5 constants for vibration-to-translation energy transfer for H

levels to possess sufficient energy to be dissociated by vibra@r H atoms colliding with H, andny is the density of H,

tional energy transfer from N v=10 and 8, respectively. N,, or H atoms. The vibrational level dependent rate con-

Although a complete self-consistent theoretical calculatiorstants were taken from Loureiro and Ferrgit@] and Gordi-

of the vibrational energy transfer up-pumping in the dis-etset al.[26] and calculated for a gas temperature of 400 K.

charge is beyond the scope of the present study, the trend the calculation was for 10% Hin H,-N, and limited tov

the time evolution of the vibrational up-pumping in,ldan  =0-6 in H, andv =0 in N,. The initial vibrational distri-

be examined, and the population in excited vibrational leveldutions in H and N, were assumed to be Boltzmann, with a

v=4 and 5 in H can be estimated for comparison to the vibrational temperature of either 3000 or 3500 K, i.e., two

H-atom density. calculations were performed—one with an initial vibrational
The heavy-particle vibrational energy transfer kinetics cartemperatureT,) of 3000 K and the other witfi, of 3500 K.

be modeled by solving a set of vibrational master equation§The averagel, derived from the H, v=0-2, vibrational

that account for vibration-to-vibration and vibration-to- population densities calculated by Cacciateteal. [34] in a

translation collisional energy exchandé®,18,24. The tem- pure H, discharge and similar discharge conditions was

poral evolution of the K vibrational population densities ~3700 K) The calculations were further simplified by fix-

was calculated by integrating a set of differential equationsng the vibrational populations in H v=0-2, and N, v

of the form =0, at their initial values; only the populations in, Hv

whereKC?\’/N2 are the rate constants for vibration-to-vibration
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_ : & TABLE Il. Cross sections for K dissociation determined with
—~ : : S i i 1 iti -
«',E H-atom (Expt) -7 calt::urlatedI H thti)r?ltlonal population densities compared to a hard
o ] |—=— H,v=4(Calc) // sphere calculation.
3 4. - I A i
S 10 4= H,v=5(Cale) A Cross section (10 cn?)
= : : 7 : Initial T, (K) 4,10 (58 °
E. : : e : : v ’ ’
E T;=3000K: & ! 3000 13 3
= ] : — 3500 4 0.5
B 0.5 e s O U SOl [ A
';1 : : : : Hard spheré 6
Il
>z %v,v’) corresponds to Hand N, vibrational quantum numbers
=l [Ha(v), No(v')], respectively.
- 0.0 PHard-sphere cross section calculated with &hd N, molecular
) _ diameters of 2.4 and 3.2 (18 cm), respectivelyfrom Ref.[35]).
o 2
.g 4 P S / ..... 3o
3 calculation with the lower initial vibrational temperature, the
=) / . . . .
z population inv =4 and 5 is just sufficient to account for the
=5) experimental H-atom densities, but a near unity reaction
= probability would be required for every vibrationally excited
E H, and N,. For the higher vibrational temperature, the vibra-
Q tional populations are both greater than the experimental
<t

H-atom densities, and a reaction probability<o20% for the
vibrationally excited H and N, would be sufficient to ac-
count for the H-atom density.

A reaction cross section for the dissociation of flom
collisions of vibrationally excited Fland N, can be deter-
mined from the measured rate of H-atom production in 1.0

Time (usec) msec and the calculated vibrational population densities of
H, and N, (the H, vibrational populations are from the
FIG. 11. Comparison of the calculated temporal evolution Ofpresent Ca'cu'ation’ while the 2Nvibrationa| popu|ations

H,,v=4 and 5, vibrational populations for two initial vibrational \yere taken from Gorse and CapitelB1]). The cross sec-
temperatures with the experimental H-atom densities. ExperimentaﬂOns were calculated for Hv=4, with N,,v=10, and

H-atom densities are indicated by solid circles; calculatgdvH | v=5, with N,,v =8, for both initial vibrational tempera-

=4 anq > dens.ities. are indice.‘t.ed by open squares an.d .triangleﬁjzres and a gas translational temperature of 400 K. The re-
respectively. H vibrational densities from Fig. 10 are multiplied by . . . . :
2 for comparison with the H-atom densities. sults are given in Table II. Alsp given is a cross section
calculated for a hard-sphere collision of nd N, (the mo-
lecular diameters used were 2.4 A fog Hnd 3.2 A for N
[35]). Comparison of the determined cross sections and the
=3-6, changed with time. The experimentally measuredcard-sphere cross section shows them to be comparable in
H-atom densities were used in the V-T quenching calculasize; only the cross section for,kb =5, and N,v =8, and
tion. an initial T,=3000 K is less than the hard-sphere cross sec-
The temporal evolutions of the Hibrational populations tion, while both cross sections are less than the hard-sphere
for the two vibrational temperatures are shown in Fig. 10.Cross section with an initial ,= 3500 K. Thus, a K vibra-
The experimenta"y determined H-atom density at 108ec tional distribution that is intermediate between the calculated
for 10% H, in H,-N, was~7x 10*3 cm™3 (see Fig. 8 The distributions could account for the experimentally deter-

estimated H vibrational population iv=4 and 5(see Fig. Mined H atom densities.
10) is approaching this density by 10@0sec for both initial
vibrational temperatures. The experimental H-atom densities
for 10% H, in H,-N, as a function of pulse duration are
shown in Fig. 11(closed circles joined by solid lingslong
with the estimated v =4 and 5, populations for both vi- The concentration of H atoms produced in a pulsed dc
brational temperature®pen squares and triangles respec-discharge was measured as a function of discharge pulse du-
tively, joined by dashed lingsThe calculated Kvibrational  ration and gas mixture with constant current and pressure in
densities have been multiplied by 2 for comparison with thea H,-N, mixed-gas discharge. The fractional dissociation of
H-atom densities. The experimental H-atom densities arél, with N, dilution changed significantly with pulse dura-
roughly the same as the calculateg,bi=5, density but less tion. The contribution to bl dissociation in the discharge
than thev=4 density for T,=3000 K; for T,=3500 K, from both direct electron impact and heavy-particle energy
however, the vibrational densities for both ldl=4 and 5, transfer was determined from the temporal behavior of the
are well above the experimental H-atom densities. From thél-atom production. For short pulse durationsX00 usec),

[H, (v

0 200 400 600 800 1000

V. CONCLUSION
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no enhancement occurred in the fractional dissociation,of Hpulsed discharge, where heavy-particle energy transfer pro-
with N,; at longer pulse durations=(500 usec), however, Ccesses have not reached steady-state equilibrium conditions.
the fractional dissociation increased with, oncentration.
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