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Excitation of Na D-Line Radiation in Collisions of

*
D -and N

Sodium Atoms with Internally Excited H,, o and N,
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- Department of Physics ‘
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Pittsburgh, Pennsylvania 15213

Abstract

. Excitetiqn of D-line radiation in collisions of Na atoms with -

" vibrationally exclted N,, H, and D_ has been studied in two modulated;crossed

2’ 2 -T2

beam experiments° In both experiments, the vibrational excitation of the

molecules was prov1ded by heatlng the molecular beam source to temperatures in

the range of 2000 to 3000 K, whlch was assumed to give populations accordlng

: to the Boltzmenn expression. In the first experiment, a total rate eoefficient

© was measured as a functiee of molecular beam temperature, with absolﬁfefcaliA '
‘bration of the photon detector being made using the black body radiefioh fro@{:
-:the.heated molecular beam source. Since heating affects both‘the~infefnal
energy and the colllslonal klnetlc energy, the first experiment could not

‘determlne the relatlve contrlbutlons of internal energy transfer vsobcollisional

exc1tatlon. ‘Thevsecond experiment achieved partial separatlon of internal vs.

Jkinetic energy transfer effects by using a velocity~-selected ﬁolecular bean.
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Usiﬁg'two simple modeié fof the kinetic energ& dependegéé'bf the traﬁsfer
'lcross section for a given change in v1braxional quantum ‘number, the data .
,from both experlments were used to determlne parameters in the models°
__Evidently the most probable situation is that most of -the Na excitation
_energy comes from 1nternal v1brat1onal energy, with the remainder coming
- from kinetlc energy - The pgper‘dlscusses tpe consequepces of the detalled‘

‘results with respeét‘to the excitation of sodium radiation in aurorae.



I. INTRODUCTION

It has been known for many years that the resonance radiation
of sodium atoms ié efficiently quenched in the presence of molecular
| gases such as H2, D2 and-Nzo The high quenching efficiency for these
molecules, compared to the inefficient quenching by atomic gases, was
usually attributed to efficient energy transfer involving internal
molecular states. Although effective quenching cross sections for
molgcular gases had been studied extensively in a variety of environ-
meﬂtsl, thg electronic-internal enargy traﬁsfer mechanism was specula-
tive because neither reaction product's kinetic energy had geen deter-
mined nor their vibrationally excited states identified.

The first several experiments appearing to confirm that the
electronic-vibrational transfer hypothesis might be correct, at least
for the case of sodium, were some investigations of the inverse process

for N, carried out in shock tubesoz’ The slow rise of the sodium-line

2
reversal temperature behind the shock front suggested to Clouston, Gaydon,
and Glass3 that the excitation of sodium atoms was due to vibrationally

excited N2 molecules. Stronger evidence that this suggestion was corfect
subsequently came from Haydon and Hurl.eh and Hurle5 who showed that, in

shock-heated N containing'Na, the Na excitation temperature follows the

2
relaxing vibrational temperature of N, rather than the N
5

> translational’

temperature. Hurle concluded that the transfer of excitation energy

from N2 vibrational modes proceeds with much higher probability'
(o > 3'x 10-l6cm?) than the transfer from rotational or kinetic energy modes.
This result appeared to be confirmed in a sodium excitation

experiment by StarrG, where vibrationally exciﬁed N2 wag produced in the
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afterglo# of a microgave discharge in flowing N2° In this exﬁeriment9
all strong sodium lines between 3100-61008 wvere éxa,minedo Since a number
of sodium levels were excited similarly as the Na(32P), Starr sdditionally
concluded that & close match between the vibrational and electronic levels
is not requisite for the process to occur. |

| Around the time that Hurle and Sterr offered evidence supporting
the efficienﬁ interconversion of electronic and vibrational energy between
Na and N2, Derp;omT positively identified the yellow emission observed in
Type B aurora as due %o Na D-line émissiqno While a number of mechanisms
had been postulated to explain its origin, Hunten8 proposed that the
2 vibrational ehergy.

Hunten noted that in auroras there are electrons with sufficient

excitation of Ne atoms arose through the transfer of KN

energy to excite the Na atoms directly, but there is a large cross section

for these electrons to excite N vibrationally in states up to v = 8,

2
Competition for the fast electrons would most certainly be won by the

much more numercus N2 molecules. Further noting that the energy of the
v = 8 state of N2 is only about 0.1l eV greater than the energy reguired

to excite D-line radiation, Hunten proposed that N, tekes the energy from

2
the electrons, stores it.in the v = 8 state, and then transmits it on to
the Na atoms. ﬁhethér this proposal was tenable depended on knowledge of
the sodium D-line excitation cross section for the near resonant vibrational
states and only the lower éréss section limit determined by Hurle5 was
avajlable.

In an effort to provide more spec?fic cross éEctibnal informa-
tion for'éollisionai.ﬁa D—ling'gxcitatioh mechanisms ; series of crossed

beam excitation exﬁeriments were initiated at this l&boratory'using the

spec;es N2, H2 and D2°
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In these excitation experiments, the molegular species issued
from the furnace séurce oﬁerating-in the temperature range 2000—3000°K,
while the sodium atoms effused from a 650° source. The D-line radiation
emitted from the beam intersection reéion was observédo The basic
expéximents for these species were designed to determine the excitation
. rate constant as a function of the molecular béam temperature. The
later velocity-selected molecular Beam experiments were directed toward
& more detailed understanding of the reactibnxmechanism, i.e., deduction
of the participating vibrational states aﬁd their cross sections for
excitation transfer.

The basic experiment for the N_ - Na system performed by Mentall,

2
Kreuse, and Fite has been previously'reportedg along with a preliminary

analysis. The present report describes the extension of the previous

experiment to include H2 and D molecules; experiments using velocity

2

selection and anlanalysis of both.



II. PRINCIPLES OF THE- EXPERIMENT --

~ Excitation of the first resonance doublet of Na in collisions

vith the diatomic molecules H,, D, and N, is represented by Eq. (1)

2
Vhen.yhe reacting species originate from sources operating at thermal

energies.
o ' + +
Ay (X "::‘5 , €) +¥a(3%) + E » A (X lzg , €') ¢ Na(3%P) + B! (1)
The molecular internal energy before and after collision,
represented by € and €', is due to vibration and rotation. Since the
atom réceived electronic energy, E = 2.10 eV, during the collision,
couséfvétion of energy implies that this energy must come from the

change in internal energy, Ac, and kinetic energy, 4E; before and after

collision.

Ae + AE = E - (2)

The experimental arrangement which utilized beams crossed at
90° is shown schematically in Fig. 1. The diatomic gas was exciﬁed thermally
' L» between 2000 and 3000°K.
Since each molecule mede on the average approximately 103 collisions with

in a tungsten furnace operating at temperature, T

the walls before escaping into the beam, it was assumed that the gas meg@hed
equilibrium with the furnace walls and the degree of exeitation of internal
. energy states was given by the Boltzmann distribution. Since vibrational

o» D, and H, cennot be lost through radiation, the bean's
vibrational population does not differ from that in the furnace. The

excitation in N

sodium atom beam had a kinetic temperature, T, = 650°K°
' Sodium D-line photons produced by the interaction of the mole-

cular and Na beams were collected by a lens and detected by a cooled



photomultiplier which views the interaction region. Waveléngth dis-
crimination was achieved by.the use of a 208 band-pass interference
filter., This bandwidth s?ill admitted a large signal due to the hot
tungsten furnace light reflected from the blackened walls of the
expefimental vacuum chamber. To distinguish this reflected radiation
from radiation arising from the colliding beams, the sodium beam was
modulated at 1440 Hz by a rotating chopper wheel. By feeding the photo-
multiplier signals to lock-in amplifier circuitry, the desired signal is
identified, since it occurs at the sodium beam modulation frequency and '

in specified phase.
A. Basic Configuration

In the "basic configuration",.both beams had their full
Maxwellian velocity distributions, and the sodium beam was always
exposed to the light from the furnace. Resonant scattering of the
light by the modulated sodiuﬁ beam gﬁve rise to a modulated photon .
signal , which_could be distinguishéd from the collision-produced s§gn&l
by noting chaﬁgea in signal as the gas admitted to the furnace was turned
off and on., This resonantly scattered photon signal was used to advan-
tage, since it provided absolute calibration for measurement of the_
collisiongl reaction rate céefficient°

In the present expefiment, collimation was made sufficiently
precise tﬁat virtually all of the light intersecging the Na beam came only
from the aperture in the furnace. To very good approximation, the
light spectrum is given by Planck's black-body radiation formula. It
is straightforward to derivelo that the resonanﬁly scattered signal Ss

is given by



-E /T

: 3V o1 '
8, "“’abg A QHn,le (3)

Where V is the volume of intersection of the light and Na beams, L

is the distance from the furpnace to the Na bean, A, is the area of the
furnace aperture, Q,'ighthe golid angle subtended to the photon detector,
H is thé detection efficieney, n, is the Na atog density, I' is the
inverse radiative lifetime for the Na(3p) states, E  is the D-line
photon energy, and '1‘l iéjthe temperature of the furnace. In de:@ying
this formnla'ppe Planck black-body formula has been simplified for the
limit EO/k'L‘l >> 1, and the anisotropyll of the scattered radiation (about
5%) has been neglected. |

The photon signal, Sr’ arising from collisions of the molecules

with the Na atoms is given by

8, = VaH ook = Ckr, (L)

> have the same meanings as before, o, is the total

number demsity in the Maxwellian molecular beam, and k_ is the reaction
-

rate coefficient. Dividing Eq. (3) by Eq. (4), the rate coefficient is

vhere V, 2, H, and n

given by
A S
3 Ir "1l°r .
kr *Wrn 28 ° (5)
- 1L 8

By comparing the resonagtly gscattered photon signal vith the
collision-produced signgls, it is unnecegsary to independently détermine
fhe interaction volume, the Ng;peam intensity and thé cha;acteristics
of the photon detection systen. t";g well known and the geometrical
terﬁs;@ and L are easily determined. The number density in the molecular

1

beam, n

19 is determined by noting the preésure increase, AP3, in the
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main vacuum chamber when the beam is admitted, converting this reading
into the number density increase, An3, and determining the total peém

current, I , from the expression

19
1 3 3 ‘6)

where S3 is the pumping speed of the pumps on the main vacuum chamber.

(The pumping speed was independently measured by determining the vacuum

chamber time constant, T, and the volume, V3, of the chamber, from

which 83 = V3/t)° The number density, By, is then given by
I
1
B =—>, (1)
Ajuy

where A2 is the cross-sectional area of-the molecular beam at the

point of intersection with the Na beam (determinable from collimation
geometry), and Ei = ((Sle/nml)l/a) is the molecular mean speed &gﬁraged
over the Maxwellian distribution baéed on number density.

In practice, the matter of comparing the resonantly scattered
photon signél with the collision-produced signal is more complex because
of the very_largé intensity of the scattered light signal compared to
that of the collision-produced signal. The furdacé‘light capable of ex-
citing the Na D-lines must be attenuated by about three orders of
magnitude in order to observe the signals.from the collisions. This
attenuatibn,was accomplished by insertipg an absorptién cel; containing
sodium vapor along the molecular beam path (Fig. 1).

The sodium beam was co;limated and has & very narrow spread
of veloéiﬁy components at right angles to it, i.e., along the direction’

from which the photons come, so that the Doppler width for the beam is

extremely narrow., The Doppler width for the gas in the absorption cell,
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on the other hand, was broad ﬁécausé 6f the fully random motion of the atoms
in the cell, which abspzbeé light over & broad band centered on the narrow
baﬁ&vfor photon scattering by the beam. The‘high value of the effective
photon ebsorption cross section of the cell ('\'lo"llcm2 peak for the

-1 cn®) implies

600°k Na) compared to the atomic cross sections (é 10
thaF attenuation of the light by three orders of magnitude can be accom-
plished, while attenuating the molecular.beam by less than 1%. The
fact that sodium atoms effuse from the absbrption cell into the‘region
viewed by the photon detector, where'tpgy éanlresonagtly gcatter furngce
light and add to the scattered signal fromlphe beém, is not & problem.
These additional atoms give rise to a dc signal, whieh is not detected
by the ac detection circuitryo

The qu&ntity:under measuremgnt in this experiment, kr’ is the
integral of the rate constants for each of whe internally excited states
in the molecular beamo--Defining ar(e,u) as the crosé section for
exciting the sodium fo;_states of internal energy; €, andbthe relative

velocity, w, and calling g(e) the statistical weight density of states.

with internal energy, €, it is convenient to define the quantity

S,

{ o _(e,w)glele” e/le de

T ale) e -e/kT

o

o(w, T ) = (8)

1l de

vhich is the cross section as a function of relative velocity, averaged
over all molecular internal energy states populated at the temperature .

.rl ’

The rate coefficient is then given by
l

k. (T)) -=ffo(w T, )wfl(u )£,(u,)du, du, , (9)
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«\,

vhere v = Iu - | and

L 3/2 2 -a,u.” .y :
fi(ui) =/; (ai) u e il , a, = BT, (10)
and m1 and m2 are the masses of the‘molecule and the Na atoms and T2

is the sodium beam sou:qg tem§£fa§ﬁre°
For beaums crossing at right angles, Eq. (9) can be integrated
once tq yield

2(a.a.)¥2 2 2
k = ___L6_2____ f a(w,Tl)wh Il(awz)e""' dw, (11)
o

where y = (a2 + al)/2, § = (02 - al)/2, and I, is the first order modified
Bessel's function bf the first kind°

The relative velocity distribution conteined in Eq. (ll) is
somewhat similar to a Maxwellian distribution, but with a "temperature",
baﬁgd on mean relative speed, of only about half T iﬁ the case of N +'Na;

1 2

‘but closer to Tl in the H + Na«and D2 + Na cases. Thus the crossed

beam configuratlon in an experiment of thls kind presents a situation
where the internal energy temperature can almost double the klnetic “
"tempera.ture .

The rate coefficlent k , 18 a function of both Tl and T29
although in the present e;periment T, is held. constant at about 650°K.

Variaxicn of the temperature T changes both the population of internal

1
energy states and the distribution of kinetic energies of collision,
and gives the first information about the foles of the internal energy
states.

In order to cause the Na excitation it is necessary to provide

2.10 eV (E ) from either internal or kinetic energy, and this energy is
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provided from the temperature, Tlo The rate coefficient, kr,,is expected
to be strongly temperature depénden?, similar to k_ ~ e-Eo/le;L,A new
quantity _ |
E /KT,
n(r)) =k (T )e® *, 12)
is defined, which can be thought of loosely as the rate coefficient for

only those molecules which have sufficient energy to cause the excitation.



13

B. Val@city—Selécted Configuraticn

Knowledge .of the variation of the rate constants, k and n,
with temperature is not sufficient to isolate the mechanism for reaction
unambiguously; the observed temperature dependence may be ascribed to
the transfer of pure internal energy and/or intgrnal edergy combining
vith varying amounts of‘kinetic energy, to provide the reguired reaction
endoeqe;giéityo The interpretational ambiguity,,which results from the
fact‘that_the kinetic and internal energy distribution functions are

characterized by the same parameter, T., and are changing simultaneously,

1°
cah only be resolved by obtaining different experimental information.
The interpretation can be clgrified if the reactive signals are studied
by varying the two distributibn functions independently of each other.
The velocity Qistribution of molecules having a fixgd internal
energy distribution can be varied by inserting a velocity selector into
the molecular,peam° Sinqe such a device can be made to pass gxcited
molecules vith little velocity diSpersion.oter & broad range of transmitted
speeds, the reaction can be studied as a function of molecular speed for
each molecular furnace temperaj.ti;re° Appropriately,vthe velocity selector,
which is of the rotatigg glotted disc type, simultaneously removes
blagk-body tungsten furnace photons from the beam since the velocity of
light falls outside of the selector tranémiésion function at the
molecular sﬁeeds of interééto_ For this reason, the sodium vapor absorp-.
tion ceiiiis not & required piece of apparatus when the velocity selector
is insertédoi
,-Aé in the basic configuration, the signal produced in the veloéity-

selected configuration can be described by a rate equation identical with
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Eq. (4), with the rate coefficient being given by Eq. (9). The only
difference is, that while fé(ua) is the Maxwellian distribution given
by Eq. (10), the dist;ibution'function,‘fl(ul) must be altered by being
multiplied by_the transmission function of the velocity selector. The
rate coefflcied& is therefore descrlbed by

) - f f S(wr, e, (u) DBV u, )2, (u,)au au,, (13)

0 0

where B(Vo,ul), the transmission'function, is the fraction of molecules

l'

having the speed, U that are transmitted when the velocity selector is
set to have maximum trapsmissien for molecuies with the speed Vo° A first
integration of Eq. (13) cannot be done in closed form as was done to
obtain qu (11), but vas evaluated numerically us;ng a computer. Final

integration of both Egs. (11) and (13) was done numerically°
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III. APPARATUS

A. Vacuum System

The éxperiments were performed in a three-chamber differentially-
pumped vacuum system. The molecular source was located in chamber one,
while chamber three contained the remaining items necessary for the
experiments. All vacuum system surfaces located in the experimental
region were blackened with Aqua Dag in order to minimize stray'fﬁrnace
light that might easily be reflected into the optical system and cause
excessive photomultiplier shot noise.

The first_collimatiﬁn aperture was kept smaller thgn the tungsten
furnace aperture in order to ﬁllow only the photons from the aperture,
and ndt the tungsten furnace wall,Ato travel axially frgm chamber one.

The second collimating aperture was adjustedvsimpltaneously to collimatg
the molecular beamland photons so that they were required télpass through
the sodium beam. This care enabled the molecular beam useful to the baéic
exﬁerimént to be determined from the measured pressure change in chamber

three (Sec. IIA, above).

B. Molecular Beam Source

The molecular furnace consisted of a sheet of tungsten (2 in.
x 3 in.,x .001 in;) vhich was rolled to form a cylinder (2 in. long and
3/16 in. diameter). The hole of ~N1m diameter was sandblasted in the
wall of the cylinder to permit the molecular gas to escape from the furnace
as a beam. Each end of the tubular furnace was closed off with molybdenum
end pieces, one piece also serving as an iplet for gas molecules. This

assembly was supported at the ends by two copper bus bars which conducted
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the ac current (up to 300 amps) for Joule heating of thé furnace. The
molecular gases introduced into this furnace in the course of experimen-
tation were 99.9% pure.

The furnace gecmetry required that each molecule make an

average of approximately l03

collisions with the walls before escaping
;ptg‘the beam, and the use of tungsten wire wadding inside the furnace
further incréased contact of the gas with the hot furnace surfaces. The
kinetic temperature of the beam molecules was checked as & function of
furnace pressure in a sepa:ate experiment, using a high resolution seven-
disc rotating velocity analyzer and a mass spectrometric detector. The
results of these measu;ements verified that kinetic e@uilibrium wag reached
by the gas in the furnace and that for pressures up to 4 Torr (the
higheét used in‘the experiments) expansion of the gas into the vacuum
did not cause significant deviations from the Maxwell-Boltzmann distribu-
tien.

The furnace temperatures for N, ranged from 2000 to 3000°K; those

2

for H2 agd D2 ranged from 2000 to 2600°K. At these temperatures, the
excitation of any molecular electronic state is negligible. (The firét
electronic states‘éf H2 and N2 are more than 10 eV and 6 eV above the

. ground state respegﬁivelfy)° The temperature range for the hydrogen
isotopes is more limited because their dissociaticn becomes very signl-
ficant at temperatures approaching 2600°K. The excitation signals using
Ha aﬁdlDa had to be corrected for.the decrease in moleéular number density
at the higher experimental temperaﬁure so thét the»correct excitation rate
'constants would be determined.

The furnace teﬁperature vas measured with an optical pyrometer
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while the molecular gases were being admitted. The pyrometer was made to
view the inside of the furnace a.pertui‘e°

The molecular number density in the interaction region (with-

12 cm-3

out velocity selection) was of the order of 10 throughout these

experimente.

C. Atomic Beam Source

The sodium beam source was a two-chamber'oven of conventional.
design machined from blocks of Monel metal° Sodium metal was placed
in the rear chamber where it was vaporized at about 550 K. The vapor
was free to pass through a short stainless steel tube into the front
chamber where the'temperature was 650°K° The number density of this
beam in the interaction region was approxlmately l x lOlo mf3o |

At thle density the beam was not optlcally thin for radlation
scattered toward the photOn detector. The Doppler width due to the
corponent'of relative atom motion in the direction of the detector, for
our geometry, leads to estimating the effective Doppler cross sectioh at
peak to ﬁave & velue of the order of 10°10 m2° Since the maximum photon
path length in the interaction region was about l cm, some radiation
could be trapped within the beam and be re-emltted isotropicallyq‘ This
effect wopid render the alreedy good assumptiop of iaotropicallj emitted
radiation'? even better.

A secood effect of not haviﬁg an ideal opticedly thiﬁ sodium
beam is that the source of detected photons would tend to be toﬁard the

side of the beam nearest the furnace when resonantly scattered photons

are detected vhile the source of c011131on=produced photons will extend
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uniformly across the sodium beam. However, the magnitude of the optical

thickness does hot appear to requiré correcting for this effect.

D. Absorption Cell

The role of this device in the basic experimental configuration
- has been described in Section II. The basic construction corresponded

to that of the sodium beam source. Two holes were dr;#led through opposite
sides of the fronf ch§mber to allow the molecular beam to pass cleanly
through. Sodium met;l was placed in the other chamber. Both chambers
ﬁg?e heated to h70°1(° .Vapor effuséd f:qm thg_rear.to the front chaﬁber,
wheré it was free to intercept the resonant furnace photons passing
through.

| Sodium vapor escaped from the absorption cell through the
molecul#r beam entrance and exit holes; and unquestionably some of this .
sodium reached the region viewed by the photon detector. Its presence

did not affect the experiment however since photons frbm this godium,
produced either by fluorescence or collisions, could produce only dc

signals which were eliminated in the detection circuitry.

E. Velocity Selectors

Two neutral barticle multi-slotted-disc velociﬁy selectors
were developed and used for the present experiments. The first was an
analyzer to study the distribution of velocities issuing from the
bea.m‘sou:.rces° This instrument was a dual-range velocity analyzerlz,
ﬁith seven slotted discs, located in order to give no velocity sidebax;ds°

Its resolutions (full width at half maximum) were calculated to be 13.3%
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in the forward direction and’3.5% in the reverse direction.

The second 1n§§rpmen$ was used as a velocity selector for the'-
molecular beam in the excitation experiments. Since overall length was
of importance, this selector had only thfee discs, and gave an approximately
triangular pass band whose width.(fgll width at half maximum) waé cglcu—v
lated to be 26% of the nominal v;loqity, V°° The selector admitted the
odd-numbgred subharmonic velocities of Vo’ i.e.y Vo/n, n=3,5, c.ooy With
trapsmiasion falling off as_;/n° The maximum value of V° was limited by

P

mechanical stability to b.b4 x 107 cm/sec. The calculated properties of

the velocity selector were confirmed using the velocity analyzer.



20
IV. EXPERIMENTAL PROCEDURE
A. Basic Configuration

The tungsten fu:nace and. cross beam sodium oven temperaﬁures
were set and permitted to stabilize. The molécular gas pressure in the
source was brought to its operating level, ~ 4 Torr, and the furnace tem-
peréture vas measu;ed using the optical pyrometer looking into the furnace.
aperture. The resonantly scattered furnace light signal was noted.

The molecular gas was turned off. The absorption cell was
heated to its temperature, resultiﬁg in a drop of the scattered light
sigﬁaio The tungsten furnace temperature waé adjﬁsted between the highest
and lowest values at which data were recorded in order to be assured
that the signal oﬁserved with the beam fo gave a common signal zero.

Gas was then admitted to the furnace and the signal rise due to reaction
was noted for the particular furnace temperature. Following observation
of the sighal, the gas was turned off and the pressure change in the
experimental vacuum chamber was noted in order to calculate n,.
These observations provide sufficient data to determine the

excitation rate constant at all temperatures for N In the cases of

o°
H2 and D2, an additional procedure was appended, since here the flux

of molecules leaving the furnace is not constant with teﬁperature as

was the verified situation for nitrogen. The hydrogen molecular beam
fluxes are temperature dependent because of thermal dissociation. It
became necessary to measure the dissociation fraction at each temperature
for these molecules so that number densities at which dissociation occurs

could be inferred using the number densities at which dissociation does not

occur.
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For tpis purpbse, the molecular beam was chopped and a quadru-

_ pole mass spectrometer (Extranuclear Laboratories Model 32h—9) coaxial with
the molecular beamvwaé'a.ctivated° fhe magss spectrometer signals, pro-
portional to number density, for masses two and four, when the gas

admitted to the furnace was H, and D2 respectively, were recorded as a

2
function of temperature between 1800 and 2800°K (holding the total gas
flow rate cqnstant)° Since there was essentially no diésociation of these
species at 2000°K9 the pressure rise in chamber three due fo the molecular
beam being ﬁurned‘on gives the correcf molecular number density at that
tempezja.ture° With knowledge of the spectrometer signals at various tem-
peratures relative to the signal at 2000°K, the rate constants at the
other temperatures could bg determined. Other specific details are
discussed with the data ih Section A

| Due to the fact that H2 and D2 dissociate‘significantly near
2600°K at furnace pressufes of several Torr, it was necessary to verify
that the excitation signals were, in fact, not due to the conversion
of relative kinetic energy and electronic energy via atom-atom cq__llisions°
"To this end, the tungsten furnace tempe:ature was held constant‘and:'
the molecular pressure inside the furnace was incressed. Since the
dissociation fraction, i.e., relative amounts of H and Hz, can be
made tobvary substantially by this exercise, observation of the change
in excitation signals with change in dissociation fraction is a test fqr
the'ptqdominance of either an atomic or molecular eicitaﬁion mechanism.
Duiing this test while the temperature was 2800°K and the molécular

preséﬁre was reduced so that the predominant beam component was atomic

hydrogen no excitation signals were observed. When the furnace pressures
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' were high (molecular_hydrogen'piedohinance), the excitation signals increased
_pfoportionally as the molecular pumber demsity. Since the signals
followéd the changes ip molecular numbei density and not those
of the atomic coqstituent,vthe measured signals are clearly due to only
v.hydrégeg molécg;gsn“,
.‘An #&diiiénal_tést ﬁ;s performed cpncerning the observability
of an atom-atom excitatioﬁhmbChan;gm using beam intensities compareble
té those used for atom-molecule exci£ation° In this test, only Helium
or Argon gas was introduced into.the molecular furnace and no excitation

signals were observed.

B. Velocity-Selected Configuration

The’primary beam velocity seleétor was first calibrated using
the §elocity analyzer, followed by massAspectrometric'detection and using
a modulated beam from the molecular beam source. The dual range
calibration method™t was performed at room teﬁperature and checked at
2600°K for nitrogen. The velocity selector was kept in its calibrated
1n-béam position throughout experimental runs. With the tungsten furnace
and the sodium source temperature stabilized, the velocity selector was
set for a particular rotational speed and the cﬁange in the phase-sensitive
scattered light signal was measured when gas was admitted to the molecular
- furnace. After every two or three points taken at different rotational
~ speeds, the selector was brought back to an arbitrary reference speed
for the purpose of verifying constaney of the experimental conditions
E throughout the time period required to gather these data. For nitrogen,

| velocity contours were taken at 2600 and 2900°K; for hydrogen and deuter-
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ium, 2600°K vas the énly molecular beam temperature.
| ' The apove-described procedure produced curves of signal vs.
selector sééed, with the signal being given in Arbitrary units. In order
to normalize thesé curves with respect to each other, a separate measure-
ment vAS'performede. With the seiector speed chosen such that signals

could be observed from the three gases, N2, Ha.and D, s each of these

2
gases vas successively admitted under fixed flow conditions and the
photoﬁ signals vere observéd° The velocity éelector vas then lowered out
of the beam and the relat;ve nuﬁber.densitiga for the respéctive_beams.

~ were determined us%ng the méés épgctrometric'procedures used iﬁ the basic
configuration experiments. from these:dﬁta it was straightforward to ob-
tain a single arbitrary uﬁit scale for the signals from the three moleculér‘

species used in the experiments.
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V. RESULTS

The temperature-~dependent effective rate constants determined

with the basic configuration for Hz, D2 and N2 are shown in Fig. 2. The

ordinate, n, is defined by Eq. (12).

The excitation rate for N2 was detgrmined absolutely at 2200%k
using the proceduré of comparing reactive signals with resonantly scattered
fﬁrnace light signals as described in Sections II and IV above. The

2 2
signals for these gases with the N2 signal atv2200°K° These determinations

absolute rates for H, and D, were determined by comparing the reactive

carry the assumptions that (a) the ionization gauge relative efficiency

factors are known (N2 is more efficiently detected than H, and D, by a

2 2
factor of 2.4), and (b) the diffusion pumping speeds for i, and D, relative
to N, are related by the inverse square root of the mass ratios.

2
‘ The rate constants at temperatu:es other than 2200°K were deter-
mined for each éas from relative measurements of that gas with respect
to 2200%K. A1l quoted error bars in Fig. 2 refer solely to the reproduc-
ibility of data at each point; their magnitude corresponds to the mean
8eviation of the average signals.
The velccity-selected signals obtained for H_, and D, at 2600°K

2 2

are displayed in Fig. 3; those for N_ at 2600 and 2900°K are shown in

2
Fig. 4. The abscissa, Vo, is the nqminal laboratory speed of the velocity-
selected molecules prior to excitation collisions. The data of both figures
are plotted ﬁsing the same arbitrary units_for signal. The'respective
signals were édjusted to the same scales as a result of taking relative

vélocity measurements at Vo = 3 x 105 cm/sec and measuring the relative

molecular beam densities without velocity selection. Similarly, as in the
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'Bés’ié configuration, the relative scaling is known only to within the
same relative pressure gauge efficiency factors and diffusion pumping

speeds.
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VI. DISCUSSION OF RESULTS

.Figures 3 and 4 show dirgctAdatﬁ taken in the experiment, and
represent signals that are integrated over both internal energy and the
kinetic epergies of both beams. Even‘with the absplute rate coefficient
data given in Fig. 2, these data are insufficiept to &etérmine the cross
section as a function 6: relative velocity or kinetic energy for each
internally excited state.

It is possible, however, to assume reasonaple ve;ocity dependences
of the cross éections, lgaviﬁg their absolute values as par;meters, then
predict signalsﬂg@dAfinally assign the parameters_by comparison with the
actusl exéerimental reéultso In this section such a procedure is followed

using two different energy dependences.

Ao N2 + N& =

Theory i.nd.:l.ca,t;esls'”l)'6

that the most important form of molecular
internal energy for processes of the type under study is vibrational energy,
and it is here assumed that only vibrational energy need be considered. It

is further aéspmed that the cross section as a function of velocity, w;

for a given vibrational state is either of two forms:

(a) (a) 0 w<w
7. =
or(v,v W) = Oy v RAV s where RAV {l w > w: (1ka)
or
0 w<w
: (v) (p)
L = Y=
or(v,v W) - R,, » vhere R, {l _ (wt/v)2 v (14b)

where v and v' are the initial and final vibrational quantum numbers,

ov v are constants, v, is the threshold velocity given by
9
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| 2 1g - -
v, =2 1E, - (e, - &) (15)
vhere y is the reduced mass and €, (= vf\mo) is the energy of the v-th

Vibrafional state. Eq° (1ba) describes a stepnfunctioh:kinetic energy
dependence and Eq (lhb) describes an energy dependence which is a step
function of the kinetic energy component along the line of centers
‘between two perticles undergoing a hard—sphere collision.

By limiting the form of internal energy to_vibrational eneréy
only, Eqs.u(Q), (11) and (12) can be reéﬁritten for the basic configurafion

experiment as

nr) =22 o (D) (16)
vy . _
vhere - .
' . e /kT
vv,(T )geE /kT [ ('l‘)——-——7—e =T ] (17)
. v . :
and
PAv(Tl) =f du, f du, v RAv(w-) f(ul)f(ua)
o o ——
2(“ )3/2

2
(w) w I (Gw )e TV aw (18)

o “-—w 8

 Where Ry, is defined by either of Eqgs. (lhe) and (1kb).

In the velocity-selected configuration experiment, referring to

‘Egs. (4) and (13), the signals are given by
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8(V_,T,) ?f?#r Cﬁ:,-°v,v'qv,v'(vofT1) o - _(1%)

where the appara.tus_'éogsj;'ai.nt,‘c9 is defined in Eq. (14),

, -ey /KTy
?v,v-“’_ai?l) = Q. (v,,1) z—ee;—ﬁ-q (20)
v
and i
Q,,(V,,T,) sf~ du, ‘f au R, (WVB(V_,u, )£ (u; )2(u,), (21)

o (o] .

The quantity QAv(vo’Tl) is readily calculable and is shown for

the case of N2 f Na at‘?l

forms of RAV7 For Av < 5, QAv

Thefﬂexperimenthl" curve is a smooth curve drawn through the experimental

= 2900°K in Figs. 5(a) and 5(b) for the two

is too small to be plotted in the figures.

points of Fig. 4 and is shown for reference only. Since each curve for
a given Av depicts the shape of the signal expected, hed thé'signal arisen

only from transitions with that Av, it is obvious that in the velocity-

" -

' selected experiment, the observed signals were weighted sﬁperpositions
of signals from transitions with all Av's present, and that substantial
fractions of the signals arose from transitions in which kinetic énergy
took part. . . |

A set of weighting coefficients, h, (T,), can be found by fitting

the experimental results to

S(VpeTy) = 3 ny (TR, o T) (@)

The physical significance of the weighting coefficients iélevident upon

re-writing Eqs. (19) and (20) in the form
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s(v ,1,) =¢ §§ 8AV(T1)QAV(VO’T1) | (23)
‘ e—ev/le
8AV(T )= 2 Ov,v-av ~  -¢ /KT (24)
S v ’ te ¥ 1
v

i.e., hAv(?l}wdiffers from the physicglly significant SAV(TI) by the

multiplyiné apparatus constapt, C, of the velocity-selected experiment.
The absolute value of the constqpt C can be determined using

the data of the basic,configﬁration experimént, as can be seen from

‘re-writing Eqs. (16) and (17)

(T, ) (e Tl (n ) (25)
n(T,) =% P (T,)e g, (T : 25
1 | &V &v 1l Av' 1 o
from which

Eo/le

iv PAV(Tl)e hAv(Tl) :
C = &= (26)
n(Tl)

The absolute value of the physical quantity, gAv(Tl) is then given by

Y

' h, (T.)
Av 1 :
(7,) = n(1,) S (27)
iv PAV(TI)e hAv(Tl)

8Av

The ultimate knowledge desired is the set of values of the cross
sec#ion parameters,jgv»v,; If the experimental data were sufficiently
p;eq%se these could be obtained by determining gAv(Tl) at many temperatures
and then solving the siﬁultaneous equations, Eqs. (24). Unfortunately, the

data were not sufficiently precise and the temperature range was too small
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to warrant carrying out the gp?irg'procedure. However, it is instructive

to consider the evaluation of gAv(Tl) at T. = 2600°K, in the middle

1
of the experimental temperature range,'and several consequences.

Table 1 gives the values of gAv(2600) using both forms of
R,.,» obtained through the use of Eq. (27). In constructing this table,
all transitions with Av > 8 are neglected, i.e., all transitions requiring
no kinetic energy are ascribed to Av = 8; the effect of which is to
overestimate the true Av = 8 transitions effects.

Table 2 uses thg values of Table 1 an@ presents the sums of
cross sections specified by Eq. (2k). The first'line in Table 2 is
of interést° It indiéapes that if the kinetic energy dependence of
transfer is a step—funqtion9 i.e., Rga) is used, then an upper limit
for the 8-0 transition is far~bélow what would be required to make the

Hunten hypothesis on excitation of atmospheric sodium attractive.

If other kinetic energy dependences are obtained, this conclu-
(v)
Av
could indeed place 08 0 in the range required by Hunten, if other Av = 8
v . 9

sion cannot be drawn as firmly, and an energy dependence given by R

transitions are not significant in the experiment, a point which could not

be clarified by the data of these experiments. Hooymayers and Alkema.de15

have noted, however, that quenching cross sections appear to increase with

A

diminishing resonance energy defect, at least for different diatomic
molecules. If this observation also applies to energy defects for differ-
ent vibrational ‘energy state transitions (due to anyg;monicity) in the same

molecule, then it is unlikely that 9.0 is the majof contributor to the
: 9

(b)

Av ° 08,0 would be smaller than

sum in Table 2, in which case even with R

required for the Hunten hypothesis.
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‘It is also interesting to consider the relative contributions
to the overall rate coefficient, n, by the various transitions with
different values of Av. Table 3 preSeqts the separate terms in the sdm
given in Eq. (25). o

It is ev1dent from thls table.that in these crogsed beam
experiments, over half of the signals rn the ba81c configuration came
from transitlons with 4&v = T. It is clear that the temperature dependence
of m must therefore be governed to a very large extend by the temperature
dependeﬁce of - 37; and it is evident from dns;eetion of Eq. (24) that this
reqnires that most of the contribution to gT must come from a term other

than the lead term in. the series. Fltting of the data, in fact, requires

that the mgjor contrlbutlonvto gT must come from the 10-3 transitionm,

v L. s T

for both forms of R, used in the model.

An edditional exercise performed started with the assumption
(1) that only oee‘term ig each series expression for the gAv's was
important'and that all others could be neglected° It was further assumed
(2) that each gA separately had the temperature dependence requlred to
' make its contrlbutlon to n and have the observed temperature dependence
ef n as determined in the basic cenfiguretion experiment. This is a
sufficient epndition for eonsistency of all‘data taken in the experiments.
For the Av = 6 and T trangitiens; the second assumption would also be a
necessarya:endition because of the large contributions Of these transitions
to'the experimental results.

Table 4 presents these "most probable" transitions and their

corrésponding cross sections. The cross section values would decrease,

where the first assumption weakened.
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Under the two above assumptions the 11—3 transition is the
"most probahle 4v = 8 trensition. It is interesting to note that of all
the'Av.= 8 trensitions, the 11-3'transition-is nost nearly;resonant;with'the
fsodium excitation energy. | R | - .
A test of the consistency of the analysis model vith these
.tvo simplifying aesunptions is shovn in. Fig° 6. ’The cross sections of.
| Table 4, which were evsluated at 2600 K, were reinserted into the
formules (19-21) in order to predict the results of the velocity—selected
experiments at 2900 Ko_ Although the tempereture difference used here is
nenaller than would be desired, it is seen thet quite good predictions
- cen be made et temperatures other than the one from which the cross

section values_were obtained.

_B. Detailed;halancing Considerations_

A ma:. consideration is that of detailed balancing and &
comperison vith experiments on quenching of sodium D-line rediation by

N.. Extensive measurements on quenching have been made both near room :

2 .
temperaturelG -18 and at elevated temperatures in both flamesl.5 19

shock tubeseao. - c o
Detsiled balancing relates the excitation cross section, o, (v,v ,E)<
to the quenching cross section, o (v",v E') The excitation cross

section is defined by Eq. (lh), except that here it is convenient to

replace the relative velocity, w, by the kinetic energy, E measured in .
AN .

bcenter-of-mass coordinates. The parameter E' is defined in such a way

as to conserve energy, ey

[

E'=E - ;Ed - (e, - ev.,)], = E-?Et - (28)
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‘Assuming that inAthe‘excitation the 2§i}é'gnd 2P3/2's§ates ar; populated
according to their'statistical weights, detailed béigncing ;ééuiféa
| | - E4E | '

o (V' ViE') ='§r§§gzy,ar(v,vi;E) = fgg?g o (v,v';E) - (29)
Since most experiments have used either roém temperature gases ér fiames'
operatiné at‘up to about ZOOOOK; principal interest apten¢s the case for
'which v' = 0. | | |
(:) is used to describe the kinetic energy dependénce.for

A
the excitation cross sections, then substitufion of Eq. (14b) into the first

If R

fo:h‘of Eq. (29) gives a quenching cross sectipn,that is.inéependent of
kinetié energy, E',”and . : o .
cq(O.V;E') = ov,6/3 | (30)
Refefring to Tablg 2,'the tabulaféd values injéolumn IV are uppervlimits
on the c?oss seétions ov’o;_and hence apply;ng qu“‘BO) to these tabu;ated
values should give“aq)uppervlihit on the-crbés section for quenching

sodium resonance radiation, in which the N_ ends up in states with

2 .
v > 4. The upper limit so obtained is about SO(:?Q) x 10-l6 cm?° This

15,16 )

is very close to values measured near room teﬁpgrature (vho x lO_lscmz)°

Since the veloéity—selectgd data indicé;e that at least for the Av = 6 and

T transitions the 6-0 and T-0 transitions are not the major terms in the

sums of Table 2, it must be concluded that quenching in which the N,

ends up in states with v < 3 is quite probable, if the kinetic ehergy
. (v)
Av

dépendence of the excitation cross section is that given by R

(a)

Ir RAv

is used, the quenching crqu section has an energy

dependence of the form (1.+ _Et/T')° Upon integration over a Maxwell-
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Boltzmann velocity distribution the rate coefficient fortéuénching is

B TR, - :
[ ogmnian = T+ B /) @)

k
q

. vhere £(u). and ¢ v,y &Fe defined in Eqs. ‘(!lo)a.nc} (_iha.) r"e‘spectively and

U= (8kT/1ru)l/2° It is common in quenching expériments to measure the

rate coefficien£ kq, and then divide by u in order to obtain an
effective cross section", S('I)° On the assumption that R( a) descrlbes

-the kinetic energy dependence of the excitation crogs;gectidn, the

effective cross section'is

?v.v'(T) - -;- Oy yo (1 + By/RD). (32)

Effective quenching cross sections measured at room température
and at fiame temperatures are of comparable magnitude and do not display
the strong temperéture dependence called for by Eq. (32). Evidently

(a) (o)
RAv is not as good as RA

energy dependence. On the other hand, Hooymayers and Alkemade

in describing the excitatio@ cross séctibn's
15 found

. that in flames working over the temperature range 1700-2500°K, ﬁhe
_.effective cross section appeared to vary inversely with the temperature,
which suggegtsvthg qpposite cqnclusién, Since in the flame experipents

as well as groundstate N_ can occur, it appears

2 2

~ possible that kinetic energy dependences of excitation cross sections,

quenching by excifed:N

for'different vibrational transitions may be more éomplicated than assumed

in the present analysis.
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’Coﬁparison with Theory

Twé.théoreticél stedies of the quenching of Na* by N2 haye
_been carried out. Both.treated the problem as involving the'qumation
of an ionic éomplex, Na+°N2-, in which multifle crossings of potential
curves occurs, followed by dissociation into groundsﬁate Na and Nz(v).
Both cglculations qﬁnsidered quenching by only groundstéte N2° Whereas
Bjerre and Nikitinl3 calculated a quenching'rate coefficient at iOOOOK
from which:effective cross sections can be derived, Bauer, Fischer and
AGilmorelh pointed out that with the strong coulomb attraction between
thae-Na.+ and Na_ components, acceleration would make unimportant any
kinetic energy (up to 0.5 eV) of the particles prior to complex formation,
and calculated energy-;ndepghdent'cross sections directly. Details of
the calculations différed.and somewhat different results were obtained.

The approach used by Bjerre and Nikitin led to predicting that,
whereas all vibra@ioqal states would be populated in quenching, the
peak of the vibrational population would occur at v = 2, and that Quenching
to the v = 1, 2 and 3 states would account for about 95% of the total
quenching. cross section°

The approaéh of Bauer, Fischer and Gilﬁbre led to broader
predicted distributions of population across the fibrational states, the

actual distribution and the total cross section depending on the assumed
2°

, the total cross section was in

value of the sum of the polarizabilities of Na' and N
3

~For an
assﬁmed polerizability sum of 10 A
_'good agreement with thet of Bjerre and Nikitin and also with experiment;:
the distribution peaked-@t v = 5, with contributions from v = 4, 5 and 6

giving about 80% of the total cross section.

)
»



36

The temperstureVindependeneevof the quenching eroSs seetion~
pointed'out by Bauer et ailh_impiies through detailed balancing that for

_the excitation cross section the kinetie'energy dependence should be

(b)

that given by R s and Table 5 gives the values of o, ,0 deduced from__

the two calculations. The table also shows the values of the cross
‘section sums from Teble 2, which are upper limits on o
’

pattern of values appears to indicate that the results of Bauer et al

' The general

are more compatible with the present experiments than are the results

of Blerre and:ﬂNikitin°

Bf Na + H2 andynag+‘pé>

Because ‘of the larger energy spacings in the hydrogen molecules,

the Na D—line radiation can be excited from the v = 5 state of H2 and

vfrom'the v = 7’state of D29 with.excesswenergies of approximately 0.19
eV in both casesot Proceeding ahalogously to the case of N ercitation,
‘the quantlties Q (V »T) ) were superposed to fit the veloc1ty-selected
data shown 1n_Fig° 3, and.it was believed that for Hz,_the Av = 4 and 5

2
factors found, the values of nAv/n suggested that under the conditions

and for D, the Av = 5, 6, and T could be identified. From the weighting

_of‘the egperiment, for Hz'the Av = L and 5 transitions pertieipate about
‘equally in signal production, end the temperature dependence of n in

the basic experiment farors thesevtransitions being the 5 + 0 and 4 + 0
}trensitionso In the csse of b2’ the 6 + 0 'transition appeared to be the.
_most important one for signal production in the present experiments°

A serious difficulty in working with H and D in the present

experiments lay in the fact that the veloeity selector maximum speed



(V° = 4.4 x 10° cm/sec) was not sufficigﬁtly high to allow the observation
of any Av transitions other than those ihdicafed in the above paragraph.
Additibnally, because at the highest velqpity selec}or speeds, the

kinetic energy effects were just beginning to become evident, the uncer-

\ . \
tainties. in ;electing the weighting factors, h , are much greater in the

Av

case of H, and D, than for N The inability to observe transitions in

2 2 2°
which substantial kinetic energy is present in the velocity-selected

1 B

experiments prcludes &ttempting to analyze the hydrogen results in the

detail applied to the N

2

D, results appears to be warranted.

.results. No further discussion of the H, and
5

2
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VI. ADDED NOTE ON A SIMILAR EXPERIMENT

Following conclusion of the experimental work contained herein,
the authors recéived copies of the doctoral thesis of P. J. Kalff at the
University of Utrecht which reported on similar crossed beam experiments

21

on excitation transfer between. heated N, and both Na and K atoms. Kalff's

2

general approach was similar to'that of Mentall, Krause and Fite9 and
to that used in the‘ﬁbasiq configuration" experiments described herein,
but had two significant differences: First, the experiment was a dc
experiment rather then a modulated beam experiment, and thus may have
been subject to certain stray light probiéms that ﬁhe modulation techniqués
preclude, and; second, rather than using a total‘calibration procedure
based on the black body radiation from the molecular beam source, Dr. Kalff
e;ected to measure separately the beam intensities, collision and detector
geometries, and either to measure or use‘mangfacturersf calibrayions for
other experimental parameters (filter transmission, photomultiplier qngnyﬁm
efficiency and gain, etca) required for a step—wise.caiibratioﬁ.of the |
enﬁife experiment. |

The results of the two experiments on the excitation of Na by N2
"shqw very good agreement on fhe temperature dependence of the reaction
rate coefficient (Fig. 2). However, in absolute magnitude Kalff's resultsi
were‘lower than those presénted here by about a factor of 3.

It is the opinion of the present authors that the values indicated
in Fig. 2 are to be preferred. It apéears difficult to achieve consis-

tency between the velocity-selected experimental data of the present

experiments, the known inverse quenching.rate coefficients and the
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-éxcitation rate coefficient quoted by Kalff. Additionally, it is noted
that the step-wise calibration procedure used by Kalff admits the possi-
bility of more serious cummulative errors than the calibration niethod

used in the present experiments.
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Light signals for Na(3P) exc;tation with velocity-selected N

| Comparison of N

b2
FIGURE CAPTIONS

Sketch of the experimental arrangement. Light baffles used to

diminish st:a& light originating from the tungsten furnace are

omitted.

‘Effective fate constant, n, for Na(3P) excitation in the basic

arrangement from collisions with H,, D, and N, at temperature, T,.
Light signals for Na(3P) excitation with velocity-selected H, .

and D, ¢ at 2600°K.

2 at

2600° and 2900 K.

Contributions QAv(v ) for velocity—selected N
(a)

2 at 2900 K using

(b)

(a) cross section R and (b) cross section R

2
states for cross sectlons R(a)

and R(b)
v .

experimental data with signals from all participating




o
gAv(2600 K)

{2000 + 15000)

Av Using R‘(\:) Using Rg)
-8 (0.24 + 0.2) . 10720 e (1.9 + 1) x 10720 cp?
- 7' (9.6 + 3) (22 ¢ 5)

6 (27 + 10) (104 + 30)

5 (82 + 3lo)' - {700 + 300)

b (660 + koo) , (3500 + 2000)

3

Table 1. Values of g 1 (2600°K) from Eq. (27).
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(a)

(v)
Using RAv Using R

Av

+ 0.085 ¢ + 0.025 ¢

tv=8 |ag,+0.2920 = fo6sonff 5e38

9,1 10,2 - | 11,3 +‘ see ’
T |0g,0% 029205 )+ 0.085 %,2 +0.025 0y 3% -0 - T%2 1T+ 5
5 °5..0 + 0.292 06,1 + 0.985 S7,2 +. 0.925 °8,3 * cee ® 5.3+ 2 ks * ?0
Y o0 * 0.292 05,1 * 0.085 %2 * 0.025 07’3."-» + | = 12+10 - | 66 + 50

N

_Table 2. Values of Cross Section Sums '_




E /kT

3.2x10 <

158

"av " PavBay® ©
o  Ustng -Rl(:) | Using RX:)

8 b7 x 10’12 cn3/sc:c ‘ 2% b, x w0~ cnal;ec 18%
7 1.2x2070 57% 1.2 x 10720 52%
) 6 | s6x201t ) 258 [ ba2xaoM 19%
_ 5 1.8x 10712 | 8% 1.9 x 207 | o8
v nexacl s | eex10l? 38

3 1o

Table 3. Contributions of Av transitions to y at 2600°K.




v,v'
av  [|"Most Probable" | . Using R‘(;) Using Rig)
' Transition ,
8: | 13 21 82 190 %2
T 10-3 300 640
-6 8-2 15 290
5 6-1 20 170
b k-0 13 78
Table k. .

"Most probable" transitions for given Av and

corresponding maximum cross section values.




Reference 13 Reference 14 Exper iment
(a = 1083) (2600°)

%50 " T 103 82| o R2 < 5 £2
| % o 1.1 x 1072 | 6 <17
g0 | 1ex w0t 18 <23
-05;6.: >" ’_ 2.0 - ‘_ 23 ‘ < U5
o Cbs TR <66

03’6 30 1 |

%.0 o s '_ 1 o

%0 1w 0

%.0 0 0

. Table 5. Values of O, yt obtained throhgh detailed balancing
from quenching cross section calculations of Refs. 13

. (v)
and 14, and using Ry, *
"_ cross section sums from Table 2, column IV.

. The experimental numbers are the




PHOTOMULTIPLIER

INTERFERENCE
FILTER

- LENS

SODIUM
OVEN

CHOPPER '
WHEEL | !

@)

\./

TUNGSTEN
FURNACE

ABSORPTION
CELL OR
VELOCITY SELECTOR



y| (10 "%cm3/sec)

7.0

6.0

5.0

4.0

. 3.0

2.0

1.0

L4 Nz - NO
A H, - Na
a Dz = NO

1

2000 2200 2400 2600

2800




(arbitrary units)

Signal

Dz - NO . AT| = 2600°K

H,—Na . T, = 2600°«k

) §
x
) ‘.‘ L] -
L
. '. L]
'iu . %ot 1
. l" 5
xx X o °
J N c 1
'00 2-0 3-0

Vo x10™% (cm / sec)

5.0 -



(arbitrary units)

. .Signal

Vo x 107° (em /sec)

B N, —-‘N.o_
. 2 T, = 2900°K
xRy e T = 2600°K
ak R
: Cang .
Ry z my
5, 2
. . .'l:,::
s . ¥
- . i
IR x : e
t . '. z o
2
'.j * e . o ® - . l. 3 ]
* . e * % -~ 2
'I. . * . o.., o
 § e e * ®e
| 38 . L4 o
... -V
- f 1 -
1.0 .20 . 3.0 4.0 '5.0.




) Arbitrary Units

{o)

av

(b)

av

Qav (usinq R

Quy (using R

) Arbitrary Units

10

10

Experimentol
N
(i/ Signals

T AS

T = 2900°K

T T

T, = 2900°K

Experimental
Signals

N 2 3

Vo x 10~ % (cm/sec)




L L ! i D ¥ T -
x Exp. N, 2600°k
o Exp. N, 2900°K :

- - - - cross section J

Colculated Signal (arb. units)
o
1

] 0 : ] | ] i

Vo x 107> (cm/sec)




