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 PHOTODISSOCIATION OF Nal VAPOR AND
 THE ENERGY DEPENDENCE OF THE QUENCHING
. OF Na~ (3p2P) BY FOREIGN GASES

Boyd L. Earl, Ronald R. Herm+, Charles A. Mims, and
Shen-Maw Lin

Inorganic Materials Research Division,
Lawrence Berkeley Laboratory and
Department of Chemistry, University of California,
: Berkeley, California 94720 : ' 7

ABSTRACT

Fluotescence‘ef the ﬁa* (3p2P) D;lines is observed upon
photodissociation of Nal vapor by 1900-2500 & radiatien obtained
through a mohochrdmator from a'high current, 1ow'pressure'H2 art’
continhum source; the hropertiee of this source are briefly described.
The D- 11nes fluorescence eff1c1ency exhibits a threshold at’

v 2225 A, and a relative minimum at-

N ZSOOVA, a relative maximum asAN 2050 &. An expression is derlved

forvthe distribution in laboratory speeds of an ‘atom produced by

'photodissociation of a diatomic'molecule at thermal equilibrium.

This expre351on is then employed to calculate the distrlbutlons

x .
in speeds of the photodissoc1atively generated Na and these

TAlfred P. Sloan Foundatioﬂ Fellow.
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computed Na speed distributions are employed to analyze the
observed attenuations of the D-lines fluorescence'upbn addition

of foréign.gases. In this,mahner, the dependencés bn'rela;ivé

&g

cdllision,velocity g of the cross Sectiohs Qq for collisional

quenching of ﬂa by COz, 02H4, CH3CN, CF3C1, C6H6f SOZ’ and I2 {
have been determined. Over the range in g'étudied in this work ;
(v1.0 - 2.5 km/sec), Qq varies approximately aé 3—4/8, with s i

in the faﬁge of 4-6, for all seven quenching gases. At a fixed

2 2 3 3 274

C02. These results on the quenching cross sections are discussed

value of g,.Qq varies as: I, > SO > C6H6 > CH,CN > CF,C1 > C,H, >

in-terms of the ldngfrange forces between the reactaﬁts, inc;udiﬁg
a_possible long—-range électron transfer curve érossing for the
collision of Na® with I, or SO,. .TheSe'measureq quenching cross
sections are also compared with previous literature values; good

agreement is found in most cases, although some'discrepancies

are noted.

L
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. In 1926, Téréninl,observed that thevoptical dissociation of
Nal vapor pr9duded electronically excited Na* afdms;' This was
followed‘ﬁy’the oBservation of the same phenomenon_in the. vapors
of a number of diatomic halide molecules.2 Soon after this
discovery, it was.realized that this phenomenon made poésible
measurements of the collisiénal-quenchiﬁg of electronic éxcitation
of the afbmic.ﬁhotodissociétion product. when employed to méasﬁre
cdliisioﬁal.quenéhing_cross sections, this method of photo4’
dissqéiatiVe:prepafatioq-ofzthe electronically excited atom
affofds two advantages. Thus, it is possible to use“as quenching

gaseS'speties which would react with theground state atom, but

‘which are inert in the presence of the diatomic gas being

photodiSSoéiated. It is this advantage of the method which made

3,4

possible meaSurements of thermally averaged cross sections for

qUenching;of the 62P3/2 metastable state of T1. Additionally,

by varying the photodissociation wavelength, it is possible to

vary the speed of the electrdnically‘excitéd atom produced.. This

has made poSSible measurements of the energy depéndénce of the

cross sections for collisional gﬁenching of the resonance radiation

13, and thalliumlo’ll’lé-16 atoms.

v ] 9 | .
of sodium » potassium

Within»fhe-past decade, crossed molecular beam studies17 of

the reactions of ground state alkali atoms have supplemented.ﬁhe

older diffusion flame data on alkali atom reaction kinetics and have
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provided a good deal of insight‘into the reaction dynamics of
ground State:alkali atoﬁs. This has 1led to a‘réhewed inéerést

in the éollisional.quenching of excited metal atoms. For exampie,
Refs. 4 and 1l'draw.analogies betweén their results on quenching
collisions»énd molecular beam.résults on analogous reactions of
ground state species. In our own-laboratory; this has prompted

a program to measure the cfoss sections for quéhching of ekcited

alkali atoms. This present paper reports initial results of this

program on the quenching of 3p2P

=

*
Na , as well as a more
detailed examination of this particular experimental technique

for measuring the energy -dependence of quenching cross sections.

EXPERIMENTAL CONDITIONS

- The aﬁpératus employed in this-study was similar to that
described in Ref. 9. Continuous radiation, of constant intensity,
from a source.déscribed below was focused through a Heath Model
EU-700 monochromator: £/6.8 at 2000 A‘with.a reciprocal dispersion
of ;pproximately 20 A/ﬁm at the exit slit. The ultraviolét
radiation exiting from the monochiomator was chopped at ™~ 80Hz
and fodhsed into a heated quartz cell confaiﬁing the Nal vapor.
Except where noted, the monoéhromator was operated with 2 mm slits.
This pfo?idedrrgdiation centered about the.nominal waveiength
settiﬁg with an approximately trianguiar distribution function
characterized'by a 47 & FWHM_bandspread, or an enefgy spread of
Vo950 cm—l at 2250 4; the'éxperimenfél consequences bf the mono-
chromator bandwidth are discussed‘léter and shown to be minor.

- Upon exitihg from the sample cell, the ultraviolet radiation

R
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impinged upoﬁ an RCA 1P21 photomultiplier tube which had been
sprayea with a coating of sodium salicylate. ~Since the
fluorescence efficiency of sodium salicylate:is reported18 to
be cdnstént for the wavelength‘region studied here, the output
signal from this phototube was proportional td the flux of
incideh£ ultraviolet photons. The sodium fluorescénce intensity
produced by photodissociation of the Nal vapor in thé’céll was
observed at.a right angle to the ultraviolet flux through a
Baird Atomic~3-ll interferenée filter; thié filfer, with av
transmission bandwidth of & 15 & fWHM, isolated the 5896 and
5890 A sodium'Dflines. The D-lines fluorescence transmitted

thrdugh>the filtér‘was detected by an RCA 7265 photomultiplier

_and'measured by a PAR HR-8 amplifier locked-in on the v 80Hé

oscillation imposed on thé ﬁltraviolét_radiation.

The vapdr cell was construétéd from 30 mm quartz tubing,
v 16.5 cm in.height. ,Four.flat windbws, twd'pf suprasil for thg
ultra&iélet beam.aﬁd two>of quartz, were equélly spaced at:90°
about ﬁhe tube ciréumference, v 4 cm down‘from ﬁhe top. Each
wiﬁddw extended out 1;25 cm from the tube wall; so that the
oﬁtical path éf the ultraviolet thfough the cell was Vv 5;5 cm.
At its fop,'thé,SO mm quértz tube was connected to fhe vacuum line

through 2a 3 mm i.d. opening which could be sealed by a magnetically:

‘operated grbund.quartz rod. The 30 mm tube was joined at the

'bottqm.tova 10 cm length of 10 mm quartz tubing which was chafged

with reagent grade Nal. This entire assembly was placed in a

wire wound oven which contained_vieWing ports coinciding with the .
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" windows in ;He cell. In order to prevent radiative cdoling of
these wiﬁdows, they.were further‘surrounded by additional heating
éoils; Two thermoqoﬁples were placed on tHenbutside‘wall'of.the
vapor cell, one just Below the level of the windows and the other
~at the level df"the charge of Nal salt. 1In operation, the
temperéture of the cell at the level of the windoWs1waé typically
maintained 20-30°C hdtter than that of the Nal charge, permitting
independent-variation of the temperature and pressure of the Nal
vapor. The Nal vapor teﬁperatures quoted‘inithis paper refer to
the temperature at the cell windows.

'In the measurements of the collisional quenching of Na*,
the NaI in the cell was maintained at the temperature of the
experimént for a few hours, with periodic exposures to the vacuum
line. Following this degassing procedure, the foreign quehching
gas was admitted to thé cell by means of'the'ground quartz seal.
The preéSuré of the quenching gas admitted was measufed by means -
6f a Tean'Inétruments spiral quaftz manometer situated én.tﬁe

external gas line. Because the mean free path within the gas at

the pressures of quenching gas employed hefe was much smaller than

the diameter of the interconnecting tubing, the pressure of the
quenching gas meésufed at room temperature on theve#ternal gaé
line was equated with. the préssure of Qﬁenchingvgas inside the
cell (Ref. 4 discusses this thermal transpiration correction).
:All chemicals emplo&ed as quenching gases were purchased

commercially (reagent grade where available) and used without

further purification. In so far as all of these gases exhibited

/

Sa .
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relatively large quenching éross sections, ;he effects of small
impurities shoula be negligible. It waé also necessary to insure
that the gaseé studied as quenching agents neither decomposed

nor reécted_with the NaI in the high temperatufe ceil. Three
experimental chécks were employed to attempt to insure these
COnditions.:-As a first cheék, the behavior of the sodium
fluoreécencé intensity;upoh.admission of thé foreign'gas was
éxamined. .This resulted in the réjectioﬁ of qﬁite a few gaseé

as poséible duenching agents. Thus, the Né* fiuofescence was
Viftually extiﬁguished upon admission of CCl4 gas and failed to

reappear upon evacuation of the cell. Similarily, BF_, and NO

3 2

were rejected because admission of these gases to the cell
v . _ %
produced a rapid drop in the Na fluorescence followed by a

slower rise, suggestive of a slow chemical decomposition of these

species. Admission of SF, to the cell at very low preséﬁres

6

(v 0.1 Torr) resulted in very largé and non—reproducible attenuations

_ * _ o v
of the Na fluorescence. Trifluoromethane failed to quench the

Na* fluorescence, even at pressures as high as 50 Torr. 1Indeed,
this gas had the opposite effect of enhancing the Na* fluorescence
by 29430%, aithbugh the enhancement deteriorated»with time.
Related.enﬁancemenf effects have Been feporfed for thallium

at low

3 2

fluoféscence2 by NH, and sodium flUOrescencé9 by H
pPressures. As a second check, the constancy of the pressure of

quenching gas was monitored while it was in the cell. This led

.to the rejection of propene, butene-1l, butene-2, and toluene

as possiblquuenching agents for study becausé, upon  admission
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df,any'of these gas to the hot cell, the preséuré measured
"on che external gas line increased slowly, suggesting Hegomposition
of the gas admitted into smaller molecular weight products.

The seﬁen gases employed as quenching agents in this study
(C,H,, CH,CN, CF

cl, C6H SOZ’ 12, and COZ) sgtlsfled bth of

3 3 6’
these checks. As a final check, samples of each of the first

five gases listed were collected from the hot vapor cell after
actual quenching experiments. The mass speCtrél patterns of these
identical (to within experimental accuracy) to those of samples

gas samples werﬁA of the same gases taken prior to exposure to- the
hot vapor celi. The quenching of Na*.fluorescence by CFA,'CH4,

and CZH6 was also examiﬁed briefly. These gases appeared to be
stable in the hot Nal cell, but proved to have very small’quenChing
cross sections (estimated as less than v 5 Az).

Anofher effect which éould'invélidatevthe measured quenching
cross sections arises when the foreign gas adﬁitted.to the cell
‘absorbs a fréctioh of the ultraﬁiolet being used to photodissociate
tﬁe Nai,' In such a case, the aftenuafion‘of‘fhe steady-state
Nafrfiubrescencé is due to a'édmbihétiph of the collisional
quenching1bf‘the Na* and of abéorpfion of the ultravibiet by ﬁhe
fofeigﬁ'gaé@ of ;he seven quenching gases employed in this study,
SOé an&.C6ﬁ6{absorbéd19 over a region of. the Nal absorption
j_co‘nt:in-tr_uim‘ of interest. The ultravioletlabsorptﬂnm by these gases
_were measured directlyvduring the.quenching experiﬁents,rand,the

queﬁching Cross éectioﬁs reported for SO, and C_H, have been

2 676

corrected for this effect. Another gas, CS was studied briefly,

2,

but prQVed to absorb too Strongly to permit quenching studies.

N
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The Hydrogen Arc Ultraviolet Continuum Source
Initially, a high pressure Xe-Hg arc was empldyed as the
source of the continuum ultraviolet radiation.. However, this

source was abandoned in favor of a low pressure H, arc patterned

2.
after a descriptioﬁ'due to Finkelstein20 beéauée the high output
of visible radiation from the Xe-Hg arc ﬁroved troublesome. A

brief description of this H, arc is given here because some

» 2
initial difficulty was encountered in obtaining reliable operation.
These remarks are intended to complement Finkelstein'szo.description-i
Figure‘l.présents a schematic diégram of the electrodes inside
‘tﬁe water-cooled brass lémp housing togetﬁer with the electronics
necessary fof DC oﬁeratiqn. -In striking the arc, the”céthddé ié_
resistanCe ﬁeated and the.starting electrpde is connected to a
tésla coil. A vaitége of about 260 volts between anode and

cathode is required to strike the arc with 6 Torr of H The

9
lémp has.been'operated with both DC and rectified AC; opératioﬁ
in thg DC mode enhances stability. The arc.provides a usable
continuuﬁ_from "~ 1900 A (the shorfed wavelength examined) to
above:3000 &. 1Indeed, it.provides an ultraviolet intensity throdgh
the monochfomator’and infg.thg Nal ceil which exceeds‘that provided
by a Hanovia 1 kw high pressure Xe arc over the full 2060—3000 A
rénge‘and by a Hanovia 1 kw high pressuré Xe -~ Hg arc beldw 2275 A.
The nickel scrgenvSUbstrate cathode deécribed in Ref.'2O is
reinforced’witp'é strip of'tanFalum foil down the middle, coated

with a lacquer of barium-strontium carbonate, and folded into an.

accordian shape. Initially, the arc was difficult to strike and
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the cathodes exhibited short lifetimes until it‘was realized
that the method of preparation and_activation of the cathode

'vsurface is critical.p'By depositing a barium-strontium onide
solid solution'onto'the nickelrscreen suhstrete according to
the directions ginen ianef.‘fl;'cathodes were.subsequently
obtained which exhibit acceptéble'lifetimes (40-50 hours) and
render the arc easy to strike and stable once struck.

Figure 2 shows the'voltage—currentfpressure—intensity
relationship ofuthe arc. The data are limited to arc voltages
'less than "~ 120 V because the arc is unstable at higher voltages.

" Data ere not given for arc currents higher'than ~vo16 A hecause
of limitation of the DC powervsupply used. TypiCal operating
conditions in.these_experiments nere in the 12-15 A, 6-8 Torr

of H2 range.

" PHOTODISSOCIATION OF Nal

The D—lines.Fluorescence Efficiency

Figure 3 shows the observed dependence of the reduced fluorescence
efficiency R(X) (defined as the ratio of the total number of D-lines |
photons detected per second:to;the number of ultraviolet photons
'.per second incident-onvthe_NeI.vapor) on the nominal wauelength
»Ao of the-ultraviolet impinginé;on'the NaI'vapor. In collecting
this data, a.temperature difference of Vv 100°C was maintained
between the lower part of the Nal cell where the solid Nal samplez
resided, and the upper part of the cell where the NaI Vapor was photo~

dissociated. This had the effect of rendering the temperature
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of the Nal wvapor being photodissociated somewhat uncertain; for
purposes of calculation, the temperature of the vapor was taken
as the temperature at the windows of the cell. Since the vapor

pressure of the Nal was governed by the lower temperature, however,

the total absorptibn cross seétions for Nal vapor quoted in Ref. 22

indicate thaf this procedure insﬁred that the ultraviolet radiation
was hegligiblyvébsorbed upon traversing thé cell. It is-brobably
worth emphasiéing again that this temperature differential within
the cell Was'maintained at v 20° - 30°C in measqrements.of
quenching crbss_sections; thereby reducing the uncertainties in

the quoted gasvtemperatnres in these experiments. - Figure 3

indicates that the reduced efficiency curves are similar for all

three temperatures studied, although extending to somewhat longer

wavelengths at‘highér temperatures. The second region of fluorescence
excitation by radiation below 2000 A has not apparently been

previously répor_ted.g’22

In agreemént with previous workersl,9,ll

, the fluorescence
peak at longer wavelengths shown in Fig. 3 is assigned to a
transition of Nal from its ground state potential curve to the

repulsive part of an excited state curve which dissociates into

, % :
an excited Na atom (Na ) and a ground state iodine atom, i.e.

' 2000 - N25 * 9
NaI (X 1Z+) 2000 v ZSOOA? Na® (3p2P) + I»(2P3/2). (1)
A recent study23 of.the Dopplervwidths of the Délinesvsuggested

that the photodissociation of Nal vapor at wavelengths longer

than v 2100 & might not proceed exclusively by excitation of Nal
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to a repuléive state which dlssociated ints Na*'and‘I"ﬁithin Ane-
vibrational period;' However, thé m¢:e recent stu&y‘by Brus11
of thevNa* flﬁoregcenqe-lifetime indicated that‘the fluorescence
is indéed a_ﬁéhs;qpence of the direct photodissociative pfoceés
dépicted in Eq. (1). |

The ofigin of the gécong, shbrtet yavelength fluotescence_

region shown in Fig. 3 is uncertain. It might be due to either

or both of the following direct photodissociative processes:

NaI (X 1z+) ? 2100A¢

Na'© (3pp) + 1" G PN . (29)

3/2

? - 210047

or Nal (x 'z > Na" (4s%s) + 1 (% ,.). ~ (2b)

Process’(Za)_would require a threshold energy shift relaﬁive to
that of Eq. (i)vgf:7600 cm-l; process (ij would entail a corresponding
shift of 8800 cmfl;‘ Indeed, this illustrates that the majbr
obstacle to the extension of this NaI photodissociétion techniqueﬁ
to the study of qgenéhiﬁg of more highly excited Na* species
arisés becausé_the density ovaaI excited étatés.éorrelétiné‘to
different product atomic states increases rapidly with increasing
excitation enérg&.

If the NaI.vapor in vibrational level v and the zeroth
rotational 1gvei is photodissociated by ul;raviolet'qf freqdency
vo’ then the kinefic ehefgy Evvand‘speed ﬁv of.recoil of Na*
rglative‘to thé center-of-mass (CM) of Nal are given by conéefﬁa*

tion of energy and linear momentum in terms of m and m

My Nal’

the masses of Na, I, and Nal, by
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= Ev_-= (mI/mNaI) € 7 ' | (3)

1 *
€ = hvo + hw(v +_2) - De - E .

In this equation, w-refers to the circular vibrational frequency

Ly,

of gernd:state Nal, De to its dissociation_ener_gy24 (25310 cm
. * - /* ' -

and E to the Na (3p2P) excitation energy (17000 <m l). Since,

however, there‘exist‘thermal distributions in the NaI vibrational

and rotational energies at a temperature T, the thermally averaged

' *
CM recoil energy and speed of Na may be taken as

_—_E_—— Tb v=0 + (mI/mNaI)(ZkT)'v 7 (4)

v * . :
Finally, the final laboratory (LAB) Na velocity is obtained from
. 7 . )
-the vector sum of the Na CM recoil velocity and the velocity
of the oriéinal NaI molecule. Updn averaging the vector sums

of the CM Na recoil velocity given in Eq. (4) and the randomly

t , : = : _
orientated most probable Nal thermal speed, vy, = (2kT/my .) .
: . *
the characteristic Na LAB speed is_ﬁgbtginedll as:
Vo, = u_ + v 2/3 U, su > Vv ;
't Tt Nal T> T  “Nal ° _
(5)
: - 2 - -
. T= o<
Vo = Vmar * Ur /3 Vyar v U Vyar

In previous measurements of quenching cross sections by

this photodisspciative technique, the data has usually been:
¢ characteristicy

analyzedgin térms of this/« LAB. Na speed. 1In order to
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proceed fﬁrthervand‘take into account the distribution of Na* |

LAB speedé,_it i;vnecessarj to first édmpoﬁnd the thermal
distributiéné in translational and rotationai motions of the
Nal in order to calcﬁlate the probability density. function for

* v
LAB Na speeds, (V), produced by photodissociation of

Pv,T,vo ‘ ,
NalI in a particular vibrational level v by ultraviolet of frequency
Vo and infihitessimal bandwidth 6v. The full probability density.
function of‘Na* speeds may then be calculated by summing thel |
contribu?ions of each Yibfgtional 1ev¢1:as' | T :

Pry (N = T oop() Fp (MR LD (6)
o v=0 : o o

.The'first term, pT(v), is simply the thérmal probability distribu-
tion function for NéI vibrational leVels,vreadilyvcalculated and
shown in fig. 4 for T = 633°C. Thé second féctor is the relatiye
ﬁrdﬁabiiity‘of dissociation of an Nal mdlécule in vibrational
level v by an ultraviolet phqton of frequency vo, normalized such
tl‘.lati
;E% Pr(V) Fp, ) =1 o (7
In order to assess these FT,v (v) factors, it was necessary
to reproduce the experimental reduced fluorescence curve shown
in Fig. 3 by theoretical calculations, This was approached by
recognizing that the steady-state rate of fluorescence of b~liﬁes ot
photons (ID) waé simply equél to. the rate of excitation of Nal
moleculgs, since Brusl.l has obsgrved that Nal. does noﬁ itself

x ,
quench the Na fluorescence. In terms of an unknown appatratus
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constant Y (comprised of photon detector efficiencies, efficiency

of light collection, etc.), this is giv\'en’by25
3 ' : . -
_ 8w~ 2 :
I, =Y I“lv,v [NaI] I /e | _ (8)
3h o} o}

where [NalI] ié the number denéity of Nal vapor, Iv‘ is the

ultraviolet flux per frequency interval so that Iv /c is
: . o
the corresponding ultraviolet energy density, and
[u[v y 1Is the electronic dipole matrix element between the
b .

o :
ground state of Nal in vibrational level v and an upper electronic

state dissociating into Na* aﬁd I with an unbounded nuclear
wavefunction correqunding td.an asymptotic radial kinetic energy
of € given by Eq. (3). The actual experimenfal quaﬁtity of
interest is thé reduced fluorescence Rv(vO) = ID/Pv where Pv

: o o

is the absolute number of incident ultraviolet photons/sec, given

in terms of the cross sectional area Av of the ultraviolet flux
o o . o son

by Pv = IQJ Gv Av /hvo. If the Franck-Condon prihciple is assumed26
-0 o i o : Y ,
so that luli v becomes a product of a constant electronic matrix
-9 . .
270 .
element ue times an overlap integral f.V e between the nuclear
. ) . 3

~wavefunctions in the ground and excited states satisying the radial

Schradinger equatioh, the reduced fluorescence efficiency becomes

' N 2 2
R (v =[BT [zaI] el Yoy, , | (9)
v oo 3hc v Av,‘ E:1/2

o

where the continuum nuclear wavefunctions are normalized

,asymptotically to sine functions of unit amplitude. Recognizing

that the térm in brackets invK} (9) is hot a function of vé,
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2 /61/2.

“R_(v_) is given to within a .constant factor by v _f
v o v - "7 Tov,E

(v) factors of Eq. (6) are proportional

Furthermore, the FT,vOA

to this same variable, with a proportionality constant evaluated
' by.means-of Eq. (7). Finally;>the theoretical calculations may
" be directly compared with experiment by summing over thermally

~distributed vibrational levels: and integrating over the known

bandpass functioniM(A,Ao) of the monochromator as.

e}

R,(A ) = ¢ % pT<v>f0 ML) R (e/N) (dA/2%). (10)

v=0

In order tb calculate the reduced fluorescence curve shown
in Fig. 3 By means of Eq. (10), the X lZ+ ground state of Nal was
assumed to bé described in the important_regidn of r near its

minimum by an ionic potential model,

+ a) C  2e” a,q ' '

: ' 2 ez(a
V(r) = B | Ae - A 3 7 . (11)
2r T T
- . e + - . 27 3
The polarizabilities of Na and I were taken as o, = 0.15 &
and o_ = 7.0 A3 respectively and the'disperéion force constant,

C6, was calculated from the Slater—Kirkwood approximation.
The repulsidn constants, A and p, were evaluated by demanding
that dV/dr = 0 at r = r, and fitting (d2V/dr2)r=r with the

. e .
experimental force constant (data taken from Ref. 24). Maltz

29
has shown that this procedure provides a potential function which

correctly accounts for the dipole moments and dipole derivatives

of a number of alkali halides. ‘Finally, the scaling factor B

b
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was adjusted to 1.022 in‘ordef td obtéin tﬁe correct dissociation
‘energy for sepéfation into Na+ and I—.b Figure 4 shows a plot of
the ground.sgate poténtiéi'function for_NaI whiéh was arrived at
by fitting the expression given by Eq{ (11) in the vicinity of
the minimum Where‘ail of théivibraﬁional leVe;s of interest here
were détermined to a'fﬁnction which dissociéted asymptotically
into neutral Na +_I(

' Thenéotentiél.curve for the upper eléétrdnic stéte‘of Nal
prodﬁcing fluofescence for ultraviolet wavelengths from n 2000 &
to ~ 2500 A Was-constréinedlfo asyﬁbtotically épproach a leﬁél
42300 ém;l-ébove the minimum of the ground state potential curve.
Subjectvtd this éoﬁstréint, upper sfaté?potential cﬁrves were
chosen by trial and error. The.normalized bound ground sfate
vibrafional wavefunctions and continuous upper state functions

(normalized to unit;asymptotic ampiitude)vwere evaluated by
numéfical integration of the rédiai'SchrSdinger equations and the
corresponding Ffanbk—Coﬁdon'ovgflap integrals wefe evaluated
numericaily. Folldwing this, reduced fluorescence cﬁrves were
computed according to Eq. (10) and normalizéd to the experimental
data shoﬁn in Fig. 3. Figure 3 shoﬁé the comparison at“oné
teﬁperafure'for the’Best‘agfeement'wHich was 6btained, corresponding
to the upper staﬁe‘potential curve éhpwn in Fig. 4;.similarly
good fits were obtained for'tué dafa at other témperatures shown
in Fig. 3:'_For purpoSes of illustration, it was assuméd that
the shérfgr ulpraviolet wavelength fluorescence region shown in

Fig. 3 was due to the process described in Eq. (2a). Assuming
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that.lue| was the same for tfansitibns to both upper states and .
that the potential curve for the stafe dissbciating_aécprdiﬁg to
Eq. (2a) could be dbtéihed éimpiy'by disPJécing thé.potential
curve dissociating.into Na* + I.B§.the I* exéitation eﬁergy, fhe
full thebfetical reduced fldorescence_cur?e shown in Fig. 3 Qas
obtained. The agreemenf.between this fﬁll'fheoretical curve and
the experimeﬁtaltdaté’is very good, aithough similar good agreemént
might alsé be.obtained by fitfing.the highef‘enefgy data to a |
potential curve appropriaté to Eq. <2b)} |
Previéus calculationé-of'Franck—CoAdbn factors for tranéition

from a béund staté tovan unbounded state have often‘resofted to
approximéting the‘éontinuous nucleér wavefunction of the uppef
state bj a.delta function centered at the classical turning point
of thevmotion.25 'Auxiliary c#icul#tions 6n:the potential éurves
sﬁowﬁ in Fig. 4 with this delta function»appfoximation for the
upper state wavefﬁnctioné appreciébly aiétort'the caicuiatéd
reduced flUbfesceﬁcevcurves, fesultiﬂg‘in much pborer Agréement
with expefimental datarfhan is obtained‘using1the true continuumnm
_wavefuncfions. Tﬁovprevious studiesg’zzvhave also offered somewhat
more qualitative forms for the first of the upper staté potential
curves shown in fig. 4. While qualitatively of the same féfm
asvfhatvsﬁownvin Fig. 4,;BaCkcalculatioﬁs ﬁésed on these pdtential
curves shoﬁed muchvpoorer égfeement wiﬁh the expexiﬁéﬁtal'data
of Fig. 3; | | |

| In .the foilowing section, thg Franqk—Céndbn factors computedv

in fitting the data of Fig. 3 are used to estimate probability
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density functions for speeds of photodissocietively produced

Na#.i Before closing this section, however,'it should be noted

that the procedure adopted here’of.fitting the:  observed reduced
fluorescence ebove ~v 2100 & by a single upper state potential

' 12,23,30

curve is an approximation. Indeed, a number of considerations

indicate that this D-lines fluorescence is actually a conseqﬁence

‘0of absorptions to a number (or at .least two) of rather closely

spaced upper potential curves, all of which correlate asymptotically

* : ke ] v
with Na (3p2P) and I(2P ,). However, the Na speed distributions

3/2

computed in the next section are not unduly sensitive to the
forms of the Franck-Condon factors, so that the procedure adopted

here should provide an excellent first approximation.

- o : * .
The Photodissociatively Generated Na Speed Distributions

The authors know of no general expression available in the

" literature for the distribution in speeds of the atomic products

of the photddiSSociation of a diatomicimolecule. Zare and
Heréchbach30 did tfeat the more complex problem of the distribution
in vector velocity of the Na* produced by photodissocietion of

Nal; howevef, their distribution functions Qere arrived at by
numerical_computatiOns and were based on the potential energy
function given in Ref. 9. _in this section, an analytic expression

is derived for the'prebability density function, P (V) of

V,T,Vo

o ’ <ok ' . :
Eq. (6), of LAB Na speeds produced by photodissociation of an

NaI molecule in vibrational level v with thermal distributions

in translational and rotational energies. This' is then combined
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with the'Frénck—Condon factdfs discﬁsséd in thé precéeding section.
to arfivg aﬁ the'full probability”density fﬁngfion, PT,vo(V) of 
qu'(6)Qi.This is apprdachedvby éssﬁmiﬁg that ;he Na* recoils
away from’the’NaI centér—of—ﬁésé at some one direction witﬁ‘a -
disﬁributioﬁ of CM speeds u which is computed from the excess

photon enérgy plus the Nal rotational energy which appears as

radial recoil energy aéymptotically.- The ‘distribution in LAB

Na* speeds_for recoil e?ents at.this.oneFCM angle is then obtained

by considering the distribution in scalar.véiués.of V=ou-+ zNaI
obtained By'averaging over all of the_values bf the randomly oriented,

thermally disffibuﬁed, 3ﬁa1. This'distribuﬁion in V is then
'subéequentiy employgd to calculate'the distribﬁtion in relative
speeds of approach of'Na*‘to a féreign queﬁching gas M, iﬂe., the
diStfibution in scalar leﬁgths of o ‘ v _ = i

> > +> . o : B ’ ! - ' C

e =V -V, | o S (12) |
:by averaging over the randomly orientated, thérmally diétfibuted,
values of $M.. Thus, this procedure circumvents the far more
complex problem treated in-Réf. 30 of the distribution in angles
Qf reéoil'of the Na* relafiye to the incident direction of.the

ultraviolet flux.

!

The Distribution Function Ignoring Rotation - p

In order to assess the relative contributions of Nal
. ' *
translational and rotational energies to the breadth of the Na

speed distfibutions, the Pv jv (V) probability density function

»THV h

[
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is first computed for ﬁhoto&issociation of Nal molecules with
'no rotational angular momentum. 'Assumihg then that the Na* is
produced\with a recoil épeed u, giﬁénlby Eq. (3) and directed
along the é—axis, the center-of-mass Na* recoil velocity distribu-

‘tion function for this case becomes

PJ=0(3) = .(S(ux) (3(.u_y) (S(uzv - uv). ‘ (13)

v

Since the thermal distribution in Nal wvelocities is given in
terms of the most probable thermal Nal speed,

, : *
the corresponding distribution in LAB Na speeds becomes

-+
OVNal

3V

2 -2

—*
P (3) “VNar/VNal
v e

du . (14)

v N |
Pv,T,vo(V) -

=

Recbgniéing_that the Jacobian factor is unity'for a Cartesian
S . : Lo ' . >
coordinate system, Eq. (14) is readily evaluated for the Pv(u)
f tion gi i . in: '

‘ unction.glven in Eq. (13) to obtgln | 9 qucose

o -2
o372 —v2/§§ I -u2/§§ I YNaI . : _
v (V) =3 e e VT8 e - (15)
’ . . .

VNal
in terms of 86, the polar angle between ﬁv and 3}

| Equatibn (15) illustfates that the Na* velocity,distribﬁtion
obtéipéd in this case is simply the original Nai thermal.veloéiﬁy
distribﬁtion with its origiﬁ now éenteted about :v' The
correspénding-speed distribution may nowbsﬁtained by transforming

to spherical coordinates and integrating over solid angle, i.e.,
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N + .2‘ ) : - N '

Pyopy (V) = /PV’T’\) (V) v° sin® d6 d¢. (16)
>“o Q - o

This integral is readily'evaluaced to givevé speed distribution
S o : ‘ ‘ . .

function which is naturally expressed in terms of a reduced Na

. - : ok
LAB speed A = V/vNa and reduced Na center-of-mass recoil speed

I
Av - uv/vNaI as
. N 2
. S -A 2 - . .
J=0 _ 2 A v -A ' . ‘
PV,T,vo(A) = nl/Z-Av e e | sinh 2AAV. i o ‘ (;7)

Figure 5 shows plots of ﬁhis féduced-épeed probability density
function for several Na* CM recoil energies. THe'two highest
recoil energies‘ploﬁted (Eo = 10 kT and 30 kT) were not achieved
in this experiment, but are plotted toviliustrate the rather
severe‘brpadening introduced by the Nal thgrmal_velocity spread
eveh'in.the case of recoil energies muéh greater than thermal
enefgieé, |
Thé;eiﬁression given in Eq. (17) has'éctually 5een'discussed
ih the literature previously. .Thus, Cﬁantfy and SchulzBl.gave its
high regoil energy limiting form in diééussing the kinetic energy
of negative ions formed in dissociative electron attachment to
aiatomié'ﬁslecules. Stanton and‘Monahan32 have also derived ‘an_
expressipn identiéal to Eq. (17) in:consiaering the kinétic energy
distribution'of’fragment idns in a mass spectrometer. Tﬁis_-4
probability density function is also identiéal to that of the
distrib#tiqn in relative collision speeds for a monbenérgetic

beam_impinging_upon,a thermal gas -sample in a scattering cell, and
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in this Cbntext has been given in Ref. 33. Nevertheless, the
derivation of Eq. (17) waé_presentedvhere as-a.preliminary to
the derivation of the probability density function obtained when

the Nal rotational energy is included.

The Dlstribution Function Includlng Rotation

If the Nal molecule belng phctodlssoc1ated possesses rotational

Y

energy Er’ this energy will appear as an increment to the recoil

_ v % . v .
energy so that the resulting Na recoil speed will be given by

2 2 ' o L \
u = uv. + 2Er/K o ‘ ' | | (18)

where K = m_ 2 m . /m_.. Because of the small rotation constant and
Na "Nal' I _ » v
high temperature of:the Nal vapor, the rotational energy may be

treated as continuous and the rotational line strengths taken as

. unity so that the thermal probability density function for

rotational energy becomes
: - .1 “E_/KT o '
"P(E) = (kT) e . , (19)
o : ) ' % o
This leads‘to a distribution .in Na CM recoil velocities directed

along the z-axis which is obtained from Eq. (19) as

Ku Ku2/2kT —Ku2/2kT
z v z

e Ve P s S w2 aye (20)

>
P (u) =
Inserting ‘this expression into Eq. (14), the pronability density,

* ;
functlon for Na LAB veloc1t1es becomes

P | (v) _ e n32 —3/2 Ku /2kT “Myeag NaI/2kT
Vo,V kT -3 e : o

-Ku /2kT N
x e 2 §(u_) 6(uy) du. (21)
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Without affempting”to evaluate ﬁhis‘infegfal,'tﬁe desired proba-
.bility densi;y function for Na* speeds may be.obtained by
inserting it into Eq. (16). Thevrésulting distribution funétion
is natura11§ expressed in‘terms‘of reduced Na* LAB speed B and

* . :
reduced Na CM recoil speed Bv defined as

1/2

B = (1 + ) 'V'/VN_-aI’ (22)
o 1/2 -
B, = (1 + n) v uv/vNaI
in terms'of the mass ratio n = mNa/ﬁi. The results are given
in terms of the error function3 ‘as
- PR LIASEe DL,
PV;T,vo(B) =n(l + n) B e | _ e G(B,BV)
where G(B,gv)_= erf(B+B ) + erf(B - B ), B > B_, | (23)

G(B,B,) = erf(B +B) - erf(B, - B), B < B .

Figuré'S contrasts this speed distribufion function obtained
by including rotation with the simpler dis;fibution obtained by
ignofing:effecfs of rotatibnal_enefgy and shows that the effects
of rotational energy on the ensuing speed distributibn_may'be
appreciable for photodissociation near threshold., At véry bigh
recoii energies, hqwever, fig. 5 iliustrateé that the thermal
diatomic translational energy is much morevimportant thaﬁ ifs
rotatioha1 energy in deﬁermining'thg'breadth Qf the speed dié;ribu—

'tioﬁ ofﬂthe atomic product. This effect arises because the
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tdtational energy always addé to the recoil speed impacted
by ébsorption df-aiﬁhotoh whefeas the translétién;l veiocity
bf the‘cétterfof-maSé mayvadd to 6r sﬁbtract from the CM rétoil
vélocity;

_ The full ptobability_density'fﬁnétions for Na* speeds produqed
photodissotiatively‘in this work were calculated by meéns pf
Eqs. (23)tand (6) and the Franck—andon factors comﬁuted in the‘
preceeding section. The results of convoluting theée distribu-
tion functions &ith the bandpésé functioﬁ'of‘the monochtomator
are shown in Fig. 6. The curves of Fig. 6 are notbunduly broadened
relétivé»to tHose of'Fig. S,indicating that the thermal distribu-
vtioﬁ oleaI &iBration energy Was.not a major sourée,of breadth
of the Na* speed distribution. ﬁoreover, the curves of Fig. 6
illustrate that the 47 A‘FWHM monochroﬁator bandpass employed
in the»quenphing studies had only a minor effect on the energy
‘résolution ébtaihed. ~In calctlating ayefaged éollisional gquenching
droés settions for comparisonvwith experiﬁeﬁtal &;ta, the
probability distribution functions of interest are those fq; the
telative'tdllisionvspeed g of:Eq. (12). - These distribution

were v

-functions calculated numerically.by compounding theucalculated,
monochromator—bandpass;évéraged Na*.speed distributions with
the thérﬁal»distributionvin velocities of the dﬁenéhing'gases.
Examplés of these comﬁuted relative collisioﬂ.speed distribution
functions for coliision of Na* with a gas of much gréater mass

(12) and of comparable mass (C ) are shown in Fig. 6 and

284
N

illustrate that this is another very important source of loss of
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energy resolution in the quenching studies in the case that

the quénching gas has a mass-comparable'to or less than that

of the sﬁecies,beinquuenched.

i * - ' o :
The Steady-State Na Speed Distributions
Sk : S ' L
The Na speed distributions produced by photodissociation

-’

of Nal which were compuﬁed in the preceeding sectioh are certainly
not precisély fhebtrue steady-state Na* speed distributions
becausé of possible‘rélﬁxétion of the original distributions.as
a'consequence of collisions bétween‘fhe Naf and otHer gas
molecules whi¢h do'not desfroj’the Na* electronic excitatipn

buf may alter ité'speed. These_coilisions may be either elastic
or inelastic, buf ceftainlj fhe elastic cbllisions will.be,of
.domiﬁanglimportance in felaking the Na* speed owing to their‘
higher probabilitx;;dcufenceQ "The derivation of the true sﬁeady—
sfatevdistribﬁtioh'is _ . a diffiéulf probleﬁ, beyond the
scope of the preéent.stu&y. Nevertheless, this section offers
some estimates of the likely magnitudes of the différences between -
the stead&—staﬁe Na* LAB:speéd-distributions and the photo—.
dissociatively generated distfibﬁtions. | -

Thg cross'sedtion QRFand assoéiated ratg»copstant kR = g QR
fg; this ;eiaxgtion §y elastic collisions is dependént on the
exfent qf perturbation of the Na* speed,_V, considered. Thus,
small-impéct parameter'hard colliéidns may appreciably alter V,
but tﬁéSe occuf with a correspondingly.small rate canstént. On

the other hand, large impact parameter collisions will occur much
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more freqﬁently, but will produce a correspondingly smaller
perturbation of V. Supposé then that the relaxation is

: : _ 2
characterized by some cross section QR = ﬂbR .

If this is big,
it willvinéludé cdntriBuﬂionsbof some small impact barameter

hard coliisions, but will'bé dqminated by lafger impact baraméter
coiliéions:for whiéh B'é bR;H Now, 1e£ k* represent the rate
constant for tHe fifst‘order deéay of eleétronic‘excitation

of Na*.vahen,'k* will be gifén in térms of.the rate consténts

_ * S ’
for spontaneous emission of Na ,-kr, and for collisional quenching

ST R

of Na ’.kq’ by
K =k + k [M R (24
F =k k] | | )

where [M] is the.quenchiﬁg'gas number denéity. Thus, the prbba—
bility thét an Na* atom will experience it at least one elastic
collision &ﬁfing its'life;ime ié gngn by’kk[M]/(k* + kR[ij{

| Iﬁ aﬁélyiing the pfoBlem further, it iS natural td.divide
it into'two regime;, that of high énd low pressures of quenching

gas, because the true steady-state Na speed distribution will be

. . * .
dependent on pressure. In the low pressure regime, k 1is

essentially given by kr,.'knownll to have the value of 6.2 X 10?

sec_l. Taking 1 Torrbof quenching gas as typical of this regime,l

thiégimplies that kp must be r\16_><-'10_9 cm3 sec™l in order that

‘ v % o : ' : ~
50% of the Na atoms experience at least one elastic collision

during their lifetime. :This corresponds to impact parameters_.bR

for the elastic collisions of v 14, 12, and 10 & for relative

collision speéds of 1.0, 1.5, and 2.0 km/sec. At these large
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impact parameters,'the collision is dqminated by the 1ong range
form of'thé_potential. Taking this long range form~£o vary as

C6/r6, thé.high energy approximation for thg classical elastic

angle of deflection which should adequateiy describe these soft
collisions gives |

2 6

X & 157 C6/8ug b (25)

in terms of the feduéed>masévof the collision partners, U =

57

mNamM/(mN;+mM). If C6.is assumed to be @ -lO_ erg;cm6, this
predigts very small angles of defléction, n —0.2‘—--3°for these
collisions; |

| The vglocity of the qﬁenching gas 1is distributed thermaliy;
hoﬁever, the effect of the average collision may bg estimated
by'gssuming that the two gases intersect as right angles,and

assigning to the foreign gas its most probable thermal speed, Vv

M
In this case, the fpllowing small angle'abproximation may be used

to estimate the perturbation (AV) of the Na speed:
. = = o . ) ;
,AV/V t x(mM[(mM+mNa))(VM/V)~ _ (26)

For these small deflection_angles, Eq. (25) provides estimétgs

" of 0;1 - 0.2% peftufbations iﬁ V. Thus, at low pressures of
quenéhing gas (v 1 Torr), the average élastié collision perturLs
the Na*.spged negligibly. Of course, virtually all of the Na*
atoms may experience severalleléstic collisions which are even

softer than those considered in the preceeding paragraph. 'quever,

the effect of each of these very soft collisions will be very
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sméll. MQfeover, they afe.abbut équaliy'iikelybto increase or
décréase vV, so that the nét spféad_invv might Be expectéd to
?ary soméfhing as the stafe_root of the number of these vefy_.
soft coilisidns. | |

While thééevéonéiderations suggest that the nascent Na*
lspeed distributions are negligibly perturbed,for low queﬁching
.gas pressures, the actgal data on quenching.cross sections was
collected for duenching gas preﬁsures in the range of 0.5 - 10
Tqrr; Inithe high pressufé iimit{ k* is dominatea by kq[M] so
tﬁat the éohdition thaf half‘dfvthe Na* atbﬁs experience a
rglaxati@&jéo;lisioﬁ ﬁrior to quegching becomes QR = Qq. Recognizing,
however; that the quencﬁing‘collisionS'arevprobably given by the

: parameter . . 2
‘smaller impact,collisions, we may estimate that Q = ﬂbq . .Then

A q
the impoftant_relaxation collisions will occur for impact parameters

larger than this so that

o 2 2
'QR = 1r(bR | pq ).

Thus,_thevSOZ relaxation collision is chafacterized by an impact
parametéf.bR = VZ bq" Taking Benzene as an example and antidipating
the'reSults of the following section on the magnitude of_the
qﬁenching cfosé section; Eqs. (25) and (26) suggest a deflection
angle of % 3° and fractionél pérturbation of V of & 1 - 2%. vOf'
course, th9§e are no longer extremely soft-tollisions'and Eq. (25)
is not strictly aﬁplicahle, but should pfovide an adequate |

approximation.
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Heré,again, thié calculated small perfdrbatibn df V is
encouraging, but may be somewhat miéleadiﬁg”ih ﬁﬁis case. _fhus;
the probabiiity that the Na" wiil.suffef a hafd‘coilision is
somewhat higher in this high pfeésure limiﬁir Fof example, it
‘seems probable that N~ 10% of the Na* atoms. may éuffer a collision
which couid"changevV ﬁy as much as 50%. Nevertheless, it would
appear fhat even at this high'pressure limit, the true Na* speed
distribuﬁiqn will resemble that calculated fér photodissociétion .
of NaI, but with some addifionélrbfeadth and a siight aownward
shift éf-the mostupfobéﬁle Na*‘spéed.’ Iﬁ whafvfollows, the Quenching
cross sections are analyzed in terms of the ﬁnrelaxed Na*-speed
distributions aﬁd this procedure is further supportéd by the
observétion tﬁat the high energy data evaluated in this stﬁdy.
agree weli with other resﬁlts in the literature when extrapdlated

down to thermal energies.
DATA ANALYSIS AND RESULTS

If it is assumed that absorption of anbincident.photqn'by
NaIl vapor 1eads directly to‘production of an Na* as descfibed
by Eq. (l)land if it is further_assumed that tﬁe Na* formed must
either fadiaté or be collisionally quenched by the foreign gas
present in the cell, the Stern-Volmer felétion'is obtained9 for
the ratio of the reduced fiuorescence’efficienCy for finitg

~quenching gas,uR[M], to that for no quenching gas, Ro:

.
Rim

= 1+ (kg k) ] S a@n
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Figure 7 shows this ratio as a function of'ethylene gas préssUre
for four tfﬁicél ultraviolet wavelehgths studied. Also shown
are least'squares fits of:the data for each wa?eléngth_to Eq. (27).
It wili be‘notéd tﬁat tﬁe zé;o pressﬁre intercepts of these léast
squares linéaf fits differ slighgly from tﬁe valﬁe of unity
predicted'by‘Eq.'(27). in'ail cases, héwevef, this discrepancy
in the.intercept is less than the standard derivation in the
intercept providéd by the least squafeS-fit. The rest of the
primary‘data coilécted for ethylene as well as fhat\collected fof
the other six qﬁéqching\gases studied is not ﬁresented here.
Howéver; the data shown in Fig. 7 is typical of the quality of
the data obtained for all ofvthe'qdenching gases,

"with the possible exceptions of I, where the inherent room tempera-

2
ture vapor pressure of this material limited measurements to low
quenching gas pressures and donsequent D-lines fluorescence ratios
near -unity.
If it is assumed for purposes of an initial analysis of

the data that the quenching cross section is energy independent
over the spread in relative collision velocities and that the Na

' ' characteristic '

A speed VT given by Eq. (5), then

the quenching rate constant may be shown to be givén in terms

is produced with the one
of X = VT/yM as

| kq - 'n-"l/z _<Qq>\-7M P(x)/x

. : . : 2 : X 2 _ :
where Y(x) = x e_x + (2x2 + l),J/. e ¥ dy. o (28)
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' ' . _ * .
Quenching cross sections for the Na + CZH4 collision evaluated

. from measufed.values of kq by means of Eq. (28) are plotted in
o ‘characteristic ' .

Fig. 7 against theA relative speed;
<g> = v, + v /3., v, >V
- T M T’ T M
(29)
— 9 _ a
<g> = v < .
24 = VM + VT /3VM, .VT vy

Tﬁe error b?rs shown reflect only the standard deQiations in kq
pfovided'by the least squares fité of the data to Eq. (27). Other
sources of error certainly exist. For example, if the.NaI
dissociation energy employed here were in error,.this could
significaﬁtly alfer the calculéted values-oft<Qq> and <g>, although-
tﬁis would have less éffect on the fgnctional dependence of <Qq>
on <g>shown by the data.

FiguresSIand 9 give similar piotsbof phenomenological,Qalues

. characteristic ‘ .
of <Qq> versus/\ relative collision speed. Because S0, and

2
C6H6 absofbed the shorter wavelength ultraviolet somewhat, a
correction_has been applied.in arriving at the higher velocity
dafa points plotted in Fig. 8 for these two géses. ‘The magnitude
of the cqrfection was relatively uncertain, resulting in larger
uncertainfies in the data points plotted at higher velocities
than are indicated by the error bars shown. _This additionai
uncertainty was smaller thaﬁ the standard deviations of fhe_least

squares fits to Eq. (27) in the case of benzene, but comparable

for the $0, data at higher. collision speeds.
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The Stern—Volmer steady-state procedure'for measureﬁents
of the quénching croés sections which is empioyed here is.open
to criticism because of its assumption of 3'very limited chemistry
in the hot'NaI—quenching specieé vaporvmixthre. The pulsed
ultraviolet excitation followed by observation of the rate of
deéay of the subéequéﬁt Na* fluorescence which was employed in
Ref. 11 to ﬁeésure the‘I2 QUeﬁching cross sections is a more
direct method and is not subject t6 the possible criticisms of
the Stern-Volmer technidue. Unfortunétely, this experimental
method is much more timé‘éonsuming and so was not adopted iﬁ this
study. Figure 9 shows the véfy excallenf agreement between the
Na* + Iz'queﬁching cross seétiohs measured in.this_study (if the
data analysis methbd employed in Refyull ié used) and the values v
af;ived‘at'iﬁ Ref{ 11 by.the more difedt pulsg technique. The
reiativély 1arge error bars shown on our data points iﬁ Fig. 9

are a consequence of the limited I, vapor pressure region scanned.

2
The Na*_+ COZ quenching crosé‘sectidn data shown in Fig. 8 iévalso
in similar good agreement with thé values measured in Ref. 9 by -
the same Stern-Volmer technique employed here, if our data is
analyzéd.by the procedure employed in Ref. 9. |

| in aftempting tb'deconvdlUte the experimental data to arrive
ap tﬁe true dependence of the quenching cross sections on relative
energy, it wés assumgd that the cross séétions variéd as Ks/g(A/s)
with s =_4,_5, or 6. As discussed in the following-section, therg

are varying theoretical grounds.for expecting that Qq might wvary

in this manner. However, the main reasons for fitting the data
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to these funétioﬁs were (1) that'adequate_fits to. the experimental
data were obtained and (2) tﬁat éqméarisoné of thé fits obtained
with s = 4, 5, and 6vproviﬂedsome estimate of the sensitivity
of the éxperimental data to the precise form of Qq(g). Having
assumed a form qf Qq(g), thevquencﬁing rate constant was calculated
‘by numerical integration‘over thé monochromator-bandpass-averaged
probability density functién for rglatiﬁe collision speeds
derived,in‘a previous section as

'."kq = [ g Q (&) PT-,vo(g) dg. | - (:.30)
Phenoméﬁological valﬁésmof <Qé> were then.calculated from these
computed values of kq from Eq. (28) for comparison with the data
points. Figure 7 shows the KS[g(Q/S) and K6/g(2/3) forms of Qq(g)
toggther with their energy averaged phenomenological quenching
cross sections which best fit the ethyleﬁe data. Table I gives

the K and K cohstantS'which best fit the experimental data

4 Xso 6
for all seven quenching gases studied andvFigé. 8 and 9 show the

corrésponding fits to the data obtained for the other six gases.

In'generaI} adequate fits are obtained for s = 4, 5, or 6. The

data seem to show some predilection for s = 6 except for the CH3CN

quenching gas, where s = 4 appears té provide the best fit.
DISCUSSION

Comparison with Other Work

The good agreement between the quenching cross sections

obtained in this work and those derived by similarvNéI photo-
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(Ref. 9) has already

dissociative.studies.for 12 (Ref. 11) and 002

beeh noted in the previous éection. Most of the results of
éarlief ﬁorkers employihg the‘NaI photodissociative techﬁique
are discussed in Réfs. 9 and 11 and so are nét considered here.
Ho%evgr; OQe.cher more recent studf10 by thié technique provided
crossvsec;iops fér quenéhing of Na* by.CO2 and CH3CN which are
about a\factbr of two higher ﬁhan those reported here. We éannot
éccount for this discrepancy, but note agéin our agreément with
Hansdn's?'fesultsvfor C02. | |
In addition to comparisoﬁs of the present work With previous
 studies emﬁloying the NAI photodissociation technique, it is
aléo ofvinterest to compare.thése résults with thermally averaged
rate éonétants for quenching‘of Na* obtained by mixing Na vapor
with quendﬁing gases. The reéults of all such previous thermal
vstudieé for £he dﬁencﬁiﬁé gases examined here ére listed in
Tablé iI{ Indeed, one pre\lzioﬁs.griticisin35 ofvthe NéI photo-
dissoéiative technique has been the inability to unequivocally
gdmpare.the ;ésults dﬁtained onuquenchiﬁg cross sections with
thermal quenching rate constants. However, it has been argued
“in this work that thevdisfributiOQ in relative collision sSpeeds
isvknown and this-has»beeﬁ uéedvto fit the data to functional

(4/s)
s/g :

dependehtes of the form Qq(g) =. K If this functional
form is assumed to hold down té'the lower collision speeds

encountered 'in some of the thermal experiments, then thermal rate

constants may be calculated from the expressions given in Ref. 39.
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- Table Ii compares literature values of thermal quenching

(2/3)

rate constants with the éxtfapolations of thé'K6/g form of
Qé(g)'empioyed here. The first entfy.in the table for benzene
(Ref. 36) was obtained by a pulsed excitation study of the life-
time of Na* fluoréscence and so should be espécially reliable.
Thé.C6H6 énd C2H4 resultsvreported in Ref. 37 were obtained by

a steadyjstaté resonance fluérescencé technique and so are subject
to possible ambiguitieé occaéioned'by imprisonment‘of‘fesoﬁ;ﬁcg
radiation and collisional broadeﬁing of the resonance ébsorption
liﬁe. vindeed,'compariéons of the results of Réfs, 36 and 37

Cco and C H, suggest that the results of Ref. 37

22 By, €Oy, 66
may be too high by about a féctor of two. In view of this, the

for N

ragreement shown in Table II betwéeh,the results of the present

work and thermal literature values for C6H6 and C2H4 is gratifying.
' 4/5

Extrapolations of the K4/g or Ks/g fits obtained herevwould

give higher'valuésvof 1010kq (v 11 épd 13 fbr s = 5 and 4) for
C6H6 in ééorer agreement with ﬁhe.litefatdfé'values, although the
change invgoing from s =6 to s =5 is not too pronoﬁnced; These
comparisons and the data prgsented;earlier suggest that Qq(g)".

-(0.8 - 0.6) for a speed range of v 0.7 - 2.0 km/sec

.varies as g
for benzene and ethylene as quenching gases. The agreement

between the CO, result obtained here and that obtained from studies

2
of fluorescence in a flame reported in Ref. 35 is very good.
Since the flame temperature was high, the characteristic thermal

collision_épeed shown in Tablebll is comparable to those'directly

' studied here, so that calculations of'kq for the s = 4, 5, or 6
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fits would.all yiéld comﬁarable values. Thé magnitude of kq
arrived aﬁ'in Ref. 38 by a flame fluorescence study is in rather
bad agreement with that obtained here; these wbrkers also seemed

in clear dis-

- ' ' %
to observe a g 2 dependence of Qq for Na + C02,

agreement with the results shown in Fig. 8.

Theoretical Implications

The Weak Quenchers

The data obtained here for CO CH,CN, CF_Cl, and C_H

2> €y CHy 3 66
are well fit by qﬁenching cross sections of the form Qq(g) =
Ks/g(4(s) with s = 4 } 5. "This is the well known functional form
of the cross section which is obtained by assuming that a constant
fraction Q'of those incoming trajectories which surmoﬁnt the
barrief in the effective p§tentia1,'obtained by adding the
centfifugal‘repulsion to the true long-range potential V(r) =st/rS’

lead to'quenéhing collisions. This model provides39 an expression.

for Qq(g) in terms of the power law potential constant,

s-2
o LTS rg12/s c 20 | -
Qq(g) = W"[s_z] [ﬂ] —2275 . _ (31)

- . v . |
The Na atoms involved in these collisions will experience

electric quadrupole interactions. This could'give rise to a long-

' ,rang,ed'r_‘4 dipole-quadrupole potential for collisions with the

polar quenching gases. However, this interaction would average
to zero over one rotational period of the quenching molecule_except

in the case of symmetric top molecules with rotation about the
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symmetry axis excitéd; Moreover, no‘quélitative differéﬁce in
béhaviorrbetween'the polar éﬁd non—polap quencﬁing gases was
observed_heré, so that the dipole—qﬁadrupéle interaétidn'does
not appear to be dominanﬁ in general in‘determining the quenching
| CN collisions somewhat.

3

This molecule does possess the largest dipole.mqment of the seven

cross sections. It may influence the CH

_quencﬁing gases studied here, andfthe'energy dependence of its
quénching cross section shown in Fig. 8 is soméwhat steeper fhgn
is thaéqu the other quéﬁching‘gases. .All of the quenching géses
studied ﬁeré should have electric quadrupole momenﬁs. Thus,

this ~kould give rise to long range r-s quadrupole-quadrupole

intera'»ctvions . Although the NZ,.‘ quadrupole moment is apparently not

known, our estimates indicate that these quadrupole—quadrupole‘ihteractions

should be less than or at most comparable to the r 0 dispersion interactions

at inter‘_h_uclear séparations important in determining the barlfiers in

fhe effeétive potenfials; | |
Vafious.épproximations have been employéd to estimate the

C diéﬁersion force constént; Analyéié bf theée‘épprbximations

6

in Ref{'28 indicatesitha;‘the dispersion contribution to C6 should
be well described by the Slater-Kirkwood approximation for_these
C6llisions;'the dipoie—induéed dipole contribution should be much
Smallér'and will be_ignored. For this case of an excitéd glkali
'afqm with.oné electrén in the outer shell of pqlarizabili;y.al

2

provides the following

“much greater than the polarizability.a of the quenching gas, the

Slate:—Ki:kwood approximation for Ce
approxiﬁation for Qq(g) from Eq. (31) in terms of e andvme,,the

P
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charge and‘mass of the eleétron:
1/6 1/3

' - 1/3 a o
31 [ 6eh 1. 2 v
Q (g) = w ' . (32)
q 2 [ml/Z} Lll(3g2/3

e

Note that this expression predicts that for constant w, Og s and

1/3

g, the quénching cross section should vary as (uz/u) This

differs considerably from the older suggestion4o that Qq should

1/2 -

: ' ‘ . 40 ' : . )
scale as o, U and the more recent sugges-tlon4 that the quenching

2
of electronic excitation in molecules proceeds by a molecular

1/2 I, a /Rx3’ where

prédisSoéiation so that Qq should vary as u s %y

Izbis the ionization potential of the quenchiﬁg species and RX

" is mean distance of closest approach of the collision pair.

6
measured here with»eétimates provided by Eq. (32) for w = 1 and
a14l = 51 AB, and indicates that Eq. (32) (with w=1) does provide

Table III provides a comparison of the K, coefficients

reasonable estimates of the magnitude of the quenching cross

sections for the weaker quenchers studied here..42 The K6 values

estimated from Eq. (32) may be slightly in error because of

approximations involved in arriving at values of C however,

6;

these errors should be small because K, depends only on the cube

6

~root of C_.. Thus, the entries in Table III clearly imply w < .1

6

_for COZ,,C2H4, and C6H6.

conjunction with earlier work

Indeed, the results obtained here in

_ _ . most of the
5~-11,35-38 suggest that,molecules

A
* _ :
which quench Na electronic excitation may be broadly divided

into four classes. In class A may be listed those molecules

. . : * : .
which cannot chemically react with Na  because all reaction
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chénﬁels are either endoergic or eésentially-thermdneutrél

(for whichlan appreciable activation energy might be expected),
and whosérlowest unfilled molecular'orbital'is a véry high energy,
aﬁtibonding 0* orbital. Examples df molecules in this class,

0, are all very

such as CF saturated alkanes, and possibly H

4’ g
inefficient quenchers. In class B are included those molecules
which cannot chemically react with Na , but which possess relatively

* .
low lying unfilled " molecular.orbitals. These molecules,

examples Qf which are provided by the CO,, C2H4, and C6H6 studies

here, are relatively efficient quenchers, with w values evaluated
from Ed. (32) between 0.1 and 1.6. Since no éhénge in chemical
identity is effected by these quenching céllisions, the Na*
éxcitation-energy'must be dissipéted either as:franslational
recoil eﬁergy or as internal extitatioﬁ of the class B quenching
molecuié.b Studies'of thé.chemiluminescence.43 produced By the
_Na* + CO'éuénching collisibn aﬁd.of the'idﬁefse collisions using

44,45 o trahslationally46 hot species suggest that

vibrationaily
the electroﬁic excitation is released predominately as internal
(vibrational)excitation'of the quenéhing molecule. Cléss C would
include quenching molecules wﬁich, while not strongly electron-
negative?.afford.a'very exoergié reactioﬁ channel. Results for
two’mélgéules of this cléss studied>héfe;vCH3CN and CFSCl, suggest
_fhat their quenching cross sections may be given by Eq. (32) with.

w 1, althoﬁgh results for many more molecules of this class

- will be required to unequivocally establish this. Finally, Class

and SO, behaviors observed in

D quenchers, examplified:by_the 12 9
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this work;.aré highly electronegative and exhibit quenching cross
sections'which are too large to bevin interpreted in terms of the
iong rangé dispérsion forces between the neutral reactants;
Thus;.the quénching'behaﬁior“obsérved in fhis s tudy suggest'
that‘the ldng{range diéperéion forces may'éccount for the
magnitude and ehéfgy depéndencé ofrquenching of Na* (3p2P) by
Class Cvand,'té a .certain extent, Class B quenchers. Nevertheless,
many additional studies will be required to unequivocally
eétablish the role of these>dispersiqn'forces. In particular,
experiments are‘underway in our own laboratory to meésure quenching
vcross sectibhs of more highly excited 2P'states of alkali metal
vapors. Thus, calculations reported in Ref. 41 indiéate théﬁ
the magnitude of>the polarizability of a 2P state of an alkéli
metal increases by about an order of‘magnitude for each increment
of.one in fhe prinéipal_quantum number of the outer p electron.
Evgn mo:i_étriking is the fagt that fo; Na*,nthe polarizability
changés éign on\going from the.3p2P to the:4p2P state, so that

the dispersion forces should be repulsive for collisions of Na

. *
(4p2P) and Na (szP) with foreign gas molecules.

The Stronger Quenchers

Table IIT indicates that SO énd»I exhibit cross sections

_ 2 2
. * v
for quenching of Na (3p2P) which are too large to be understood
in terms of the centrifugal barrier in the effective potentials
associated with the long-rangé dispersion forces between the

neutral reactants. Thus, these large quenching cross sections

demand a strong force which pulls the reactants into small intef—
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nuclear séparafion and which.is operati#e_at-very long distances.
This‘fequisite long—fange forCe'has long been under_stoodll7a in

terms of an eléctron.transfer model. In this model, the incoming
Na*”atom_ié seen to trénsfer its electron to the quenching gas

at a disténée RC whére_the coulombic potentiai curve for the two
ions becpmes.ldwer than fhét'fqr the tﬁO’neutrals, and the resulting
coulombié fdrce rapidly accélerafes the iqn pair formed to small
internucieafAséparationsﬂ. in ferms of the ioniéatién pofential

of Na*, Ii; €nd\the electron affinity of the qugnchef, EA, RC is

given to lowest order by ez/(I1 - EA).
: ' 47

The electron affinity of 802 is reported to be v 1.1 ev. so
that the éfossing point, RC, occurs at a relatively small inter-
. _ . * :
nuclear separation, v 7.5 A, in the Na +.802 collision. More-

over, Table III indicates that the NaO + SO reéction channel is
closed By energy conservation, at least at the lower relative

collision sbeeds studied here. Thus, this quenching collision:
' ' taking place by a - _ :

is pictureed aiAFranck-Condon transitions from s0, to S0, at
Rc, exciting vibrational levels of SOz_vbn the incoming trajectbry. 

The Na' - S0

9 ion pair formed then may oscillate many times,
. ' % . ' _ .
passing through crossing points with the Na + SOz.and Na + SO2
potential'Curves. ip each passing, the.SOZ— may re-transfer the

+ . . ' Lt
electron to Na , at the same time making Franck-Condon tramnsitions

[

to various vibrational levels of SO . Calculations on the quenchiﬂg

. 2°
N . , _
. of Na by N2 by this model are presented in Ref. 48 and suggest

that it may provide an efficient mechanism for the dissipation of

* : .
the Na electronic excitation in vibrational excitation of SO2
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and recoil energy of Na from SOZ'
A reéenf measurement49 iﬁdicates é_relatively large electron
affinity for I

B,
97 2.6 e.v., corresponding to a calculated Na +

I, iohic cur§e crossing radius of v 36.5 A. Table IIT indicates
tﬁat fhis'Quencﬁihg cdilisibn can prdceed by the very exoergic
reaction forming Nai + I;'indeed, the exdérgicity is such that
the reaction prbducférmight even bell Na + I + I. This suggest
2 trajectories which successfully cross

thét any incoming Na* + 1
onto the iohic curvé:havé a very high proBability qfaexiting in
the reactive channel.> In view of this, the observation that the.Na*
+ 12 quenching cCross secﬁion measured here is very much less than
ﬂRéz is understood invtermsbof a vefy low probability thét the’Na*
will transferbits eleéﬁfon over the large distance required ﬁhile

thevNa'—.I internuclear'separation is in the vicinity of the curve

2
crdssing radfus; Thié samé Born?Oppehheimef:breakdown effect has
recentiy been'discussedso.in rationalizing the observed bfanching
»ratidé for thermal dissociation of alkali halide vapors between
atoms and ions. Moreover, Child51 has derived an expression for
the translational energy &ependence of the crbss section for

reactions such .as Na + I, by calculating the probability of a

2
trahsitibn_between.the neutrai and ionic curves as a function of
'fhe-local radial velocity at Rc' Although his calculations did
not exténd to the:vgry large crossing fadius éncountered hefe,
extrapolation of his reﬁOrfed calculations is in qualitative

: *
agreement with the magnitude and velocity dependence of the Na

+ I, quenching cross section measured here.
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Table I. Best Experimental Values? of Ks for Na Quenching Cross

L/s

Sections Varying as Ks/g

9 10

Quenching Gas 10” K, 10 K, 10M kg

o co, - 0.88 - 0.78 - 1.6
CH, 0.93 0.82 1.7
CHCN | 12 5 1.1 2.3
CF CL 1.2 | 1.1 2.2
Celle 1.3 1.2 2.
50, . 1.8 1.6 3.3
I, ' 2.9 | 2.6 .6.0'

a ' ’ o

K, is given in units of cm?—(cm/sec)h/s.



Table II. aComparison of Thermal Quenching Rate Constant Measurements

- .with Extrapolations of K6/

g2/3 Fit

Quenching Gas - Ref. T(°K) & flOlqu ' lOlokq'
' ) Reported  This work
O o 3 36 ~6o_o 0.85 8.0 10
CgHg - | 37 koo 0.69 16 10
co, .35 1600 1.49 7.5 8.2
co, : 38 1790 1.58 17 8.4
CH, 37 Loo . 0.82 1 7.1

Rate constants are given in cm3/molecule—sec, The average relative

collision speeds, gy = (8kT/ﬂu)l/2,are given in units of km/sec.
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Table III. Comparisons of Measured Na Quenching Cross
Sections with Projections Based on Long Range

Dispersion Forces

Co C.H, CF.Cl CH.CN C.H, SO. 1

2 24 3 3 6 6 2 2
Reaction
S ‘ NaO NaH NacCl NaCN NaH NaO Nal
Product ' ;
ap_*® . -10 ~-8 66 46 -8 -14 85
u(gms/mole)  15.3 12.6 18.9 14.7 17.8 16.9 21.1
3,b : L '
_uz(A ) 2.6 4.3 _ 5.0 4.4_ 10.3 3.7 9.7
11, | - |
10 K6(theo) 2.0 2.5 2.2 2.4 2.9 1.7 2.7
(Eq. 32) ‘
11 4 ' . .
10 K6(exp.) 1.6 . 1.7 2.2 2.3 - 2.4 3.3 6.0
(Table I) |
. , Y ,
aADo = Do(Na—X) + E - DO(R—X) is the reaction exoergicity.
' and - :

 Do(N§-0) takénkfro%ADo(Na - QN) estimatéd from arguments
given in R.R. Herm and D.R. Herschbach. J. Chen. Phys.
52, 5783 (1970); D, for NaCl and Nal taken from Ref. 24.
Bond energies.in_fhe quenchiﬁg gases téken from V.I. Vedeneyev,

L.V. Gurvich, V.N. Kondrat'yev, V.A. Medvedev, and Ye. L.

Frankevich, Bond Energies, Ionization Potentials, and

Electron Affinities (St. Martin's Press, New.York, 1966).
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Pror CH,CN, from E.P. Lippincott, G. Nagarajan, and J.M.

3
Stutman, J. Phys. Chem. 70, 78 (1966); for CF

3Cl, from

W.N. Hess, R.L. Mather, and R.A. Nobles, J. Chem. Eng. Data

-7, 317_(1962);.a11 other values from Landolt-Bernstein

Zahlenwerte und Functionen, A.M. Hellwege and K.H. Hellwege,
Eds. (Springer-Verlag, Berlin), Vol. 1, Part 3 (1951),

pp. 510ff.-
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FIGURE CAPTIONS

Fig. 1. Schematic sectional view (from the side) of the H, arc

2
electrode arrangement, and a wiring diagram for DC

~operation. All distances are given in cm. and resis-

tahcés in Ohms. The starting electrode is a ring of

tantahmlwire. The collimator is fabricated of mqu-
_bdenﬁm with a watef—cqoléd éoppef'siéeﬁe and é large
'moiybdeﬁuﬁ disk to fofce the diécharge to pass through
‘the collimating'brifice. Thevanode consist of a 2.5
¢m diaﬁeter molybdenum disk.mounted on allargef diameter
(%5;cm) wéfér-édoled copper disk; AO.4 cm X 0.65 cm
orifice is cut.thfough the coilimator and anode. |
Fig. 2. The heavy solid curves (and dark circle data points)
show Ehe'cﬁrrent thrbugh thé:arc as a function of DC
onltage bétween the cathode and anode for various
pressures of Hé gas“flowihgvthroﬁgh the arc housing.
The lighter solid curves show contquré of constant out-
" put intensity (measured in afbitrary units) at 2500 K.
Fig. 3. The sodium D-lines reduced fluoresceﬁce (i;e., the ratio
_of the'tﬁtél numbef of D-lines photons detected per
gecoﬁdvto the number of‘ultraviolet photons per second
incident on the»NéI vapor) blot;ed, in arbitrary units,
versusvthe;nomiﬁal wavelength of the-ultraviolet. Data
pointé are given és solid symbois. "The temperature at

~the bottom part of the Nal cell, where the solid Nal
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resided, was 530°, 565°, and 603°C respectively for
théfdata taken with vaﬁdr temperatufes, at the cell
window, of 633°, 664°, and 705°C. The bandwidths of
the ultraviolet radiation were 24 & (FWHM) for the

633°C vapor temperature experiment and 36 A (FWHM) for

‘the 664°C and 705°C expefiments. The uncertainty in

the ordihate for the data points increases.rapidly as

thé waveiéngth is ldwered‘below 2000 A. The dashed lines
show theoretical D—lihés_reduéed fluorescence curves
ééléuiatéd'fo¥ an Nal temperatﬁre of 633°C for‘transitions
to the ﬁwd upper repulsive potential curves shown in

Fig. 4; the solid cﬁfve is the éum»of the two dashed
éuryes{v All three sets of data points and the theore-
tical curvé were normalized to unity at their long
wavelength relative méximum.

The fepulsivé poténtial curves for the two electronically

- excited states of Nal dissociating into Na (3p) + I
. k- * i
~and Na (3p) + I respectively and the Nal ground state

"potential curve which were used to fit the D-lines

reduced fluorescence data of Fig.'3. Also shown are

(1)  the relative thermal populations at 633°C of the

first ten vibrational levels of NaI, (2) wunnormalized

vibrational wave functions for the v = 0 and v =29

.levels of ground state Nal, and (3) three examples of

continuum vibrational functions"forfthe'lower excited

;étate of NaI. Note the break in the ordinate scale.
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- Fig. 5. Nbrmélized'probability density distributions for the
LABvspeed of an atom ejected with éenter—of—mass |
fécoii.energy given by Eq. (3) froﬁ a diatdmic.moieculeA
Qith a thermal vélocity diétribution; The solid cur&es
were calculated for the reduced speed A distribution
considering 6nly thermal translationai energy iﬁ the
térget.molecule, Eq.vl7. The dashed curves were arawn
for the réduced speéd B'probability density obtained
by considering.both thermal distributions in tramsla-
tiénal and rotational energies ofvthe diatomic target;
tﬁése reduced variable cufves were calculated from

.Eqa_(23) for the mass factors appropriaﬁe to ?he Na*
product of photddissodiation of NalI. These second

_ probability density functions are alsd given (un-

: hd%malized)'in terms of the absoiute Na* sbeed for
photodissociation of NaI(af 1000°K.

Fig. 6. The iower»panel shows the calculated ndrmalized probaBility
densities for speed of Na* upon phétodissociation of Nal

by ultraviolet of the indidate& Wavelengths‘for a
monochromator bandwidth funcfion which is apprdximately
triangular; the bandwidths quotedbare the_FWHM. Also
shown as the bold solid curve is tﬁe Na* speed distri-
bﬁtion'correépdndiﬁg ﬁo a 906°K thermal distribution.
The'upper two panels show the normalized pfobabiiify

_ density functions for relative speed for colliéiéhs
of~the Na* produced with the speed distributions.given

in the lowest panel with I2 and C2H4 at 906°K. Also-
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shown,_as bold solid curves, are the co;reépoﬂding
fﬁermal distribution functions for rélétive speeds
invthe céllisions.b |

Upper Panel: The ratio'of;the reduced D-1lines

fluorescence for ethylene ébsent to that for ethylene

present versus the ethylene pressure, for four ultra-

.vidlet wavelengths studied. The straight lines show

the least équares linear fits of the primary data to

the Stern-Volmer relation, Eq. (27). Lower Panel:

' The data points show plots of the phenomenological

_ v . *
cross sections for collisional quenching of Na (3p2P)

electronic excitation by ethylene, extracted from

'_primary data such as is illustrated in the upper panel

by means of Eq. (28), as a function of the characteristic
relative collision speed given by Eq. (29). The error
bars werevobtéined from the standard deviations of the

slopes of the least squares linear fits of primary data

to Eq. (27). The dash-dot-dash and dot-dot-dot curves

~show the true velocity dependence of cross sections Qq(g)

4/5 /3

assumed to vary as KS/g and K6/g2 respectively

(with Ky and K6 given in Table I) which best fit the

‘data. The solid apd dashgd curves show the corresponding

fits to the data when these assumed functional forms of

"Qq(g) are averaged over the distribution in relative

collision speeds.
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: . "
Cross sections for collisional quenching of Na by

"CF Cl,‘SOZ, and CH,CN as‘abfunctibn of charac-

6 3 3
terestic relative speed givén by Eq. (29). The data 

‘points were evaluated by analyzing primary data by

Vmeané_of Eqs. (27) and (28); error bars reflect the

standard deviations in kq'of least squares fits of

-primary data to Eq. (27). The curves show the best

fits to the data points obtained by averaging cross

sectioﬁ functioné of the form Qq = Ks/gvl’/S over the
distribﬁtidn in relative collision speeds: solid
curve, s = 4; dashed curve, s = 5; dotted curve, s = 6.

The values of KS employed are listed in Table I.

Upper Panel: Comparison of the velocity dependence of

the Na + I2 quenching cross sections reported in Ref.

11 (open squares) with the values arrived at in this
work (open circles), if the data éolledted here is
analyzed by the procedure employed in Ref. 11.

2

v . : * ‘
Lower Panel: The velocity dependence of the Na + I,

quenching cross section measured in this work. . The

temperature.was 906°K. All conventions are as described‘

for Fig. 8.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any -
information, apparatus, product or process disclosed, or represents

-that its use would nrot infringe privately owned rights.
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