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ABSTRACT

A .preliminary study of the effect of v1brat10nal
enérgy on the rate of the reaction . "{ ‘;
o) + 32:_(125) ~-OH(°m) + H(2sy) -~
was undertakep,at 298%K in a pressure range'oﬁfiiss_iéj’
322 Pa. ,Ex;eriments were carried out.usiné—afdiseharge
fast-flow system with a fixed-obserVétion7port. Vib;a—
tionally'excined hydrogen,fH% in an unspeqified-vibra—
tional ‘state was generated in a microwave dischargezand
reacted with 0 atoms formed by.the N+ﬁO¢N2&O neaction
under pseudo .first-order conditions (0> H% ); Reletive

H atom concentrations were menitored using the atomic

. resonance fluorescencesme/ﬁbq\at 121.5 nm.. An approx;—.

mate rate coefficient derived from the data can be

expressed as k 5 x 1010cc moJ_‘l l. Calcnlation
of a vibrational energy fector,cx; leadS‘to'aSOTSQ or.
no more than50,% of the vibratiqnal energy of Hz‘parti-;j'

cipates in overcoming the activation energy barrier.

Observations of the v'=3,v" Lyman band progression

. from argon sensitized fluorescence of H» has been

- studied over a range of pressures. Quenching.was ob-

served at a partial pressure of hydrogen of about 50Pa

and a total pressure of 6 x 103Pa, for transitions of

ii



e=®

the type
* *
H, (X lr.éj, v"=0, J") + Ar = H, (B 1xd, v',3') + Ar + 4E
. _ :
where Ar is optically excited in the 3P1 state and the

H2 molecules are initially thermally distributed over
the J levels in the ground state. A simple mthanism
is oﬁtlined which is consistent with the observations

made in this.investigation. There is also evidence that

‘the energy transfer process pfoduces_hydrogen atoms with

an efficiency of approximately 5% as important as pro-
. . r A e

duction of HE.» More expe;imentatéon would be necessary

in order to fully understand and substantiate the

kinetics involved in this energy transfer process.’

Ll
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ABSTRACT
ﬁ£ude préliminaire porﬁant suf l'effet de 1'enérgie”
de v1bratlon sur.la vitesse de la reactlon T -
03y .+ Hi(lf) > ou(®m) +u(%s, ) A
a éﬁé-engreprlse & 298°K sous upe-presslon‘echelonné
'1entré 114 et 3?2 Pa Des experiences ont été
executes en utlllsant un systeme de déchanrge & flux
raplde avéc un pointe d observatlon flxe" De 1° hydrogene
_d exc1te par v1brat10n, 1'H .dans un état de V1brat10n
non spécifié etait produ1te par une decharge de o
' micro-ondes et réagissait avec des atomes d'o fixéds ~
par la réaction N +j§0 * N, + 0 sous des condltlons
"de pseudo-premier ordre (0 > H ). Des concentratlons
relatlves d'atomes H étaient’ controlees en utilisant
la méthode 1la fluorescgnce de résonance atomique &
.121-5 nm. Un4coefficient approximatif de la vitesse
dérivé des données.geut-étre exprimé ainsi‘kiéais x 1010
cc mol_lé—l. Le calcul d'un facteur d'énergie de
lvibrétion, ¢, méme 3 0<0.50°on a pas, plus que ‘50%
de 1'énergie de vibfation'de H§ qui participe 3

. ' e
surmonter la barriere de 1'éfergie de 1'activation.

iv



- L'argon sensibilise la fluorescence du spectre de
bandes Lyman, v' = 3, v'a H,. Cela a été etudié sur

‘une étendue de mesures. L'amortissement était noté

a une préssion partielle de 1'hydrogéne d'a pel prés
;50 Pa et a une pressionﬂtotale de 6 x 103Pa, pour~les

\
2

transitions du genre

12+

. % * :
g* v"=0, J") + Ar -+ H,(B 1p*

1 ' -
. H, (X w-V ¢ J') 4 Ar + AE

ot lfA;'egt eXCité:optiquement dans 1'état 3P1 et les
'molécules d'H2 sont d'abord distribuées thermiquement
sur 1és ni&eaux-& dan$ un état fondamental. Un
mécanisﬁe';imple,estfpregenté dans cette énquéte: Il
est cémpatiblg avec les, observations faites ici. Il
sembel aussi eviden; que:le processus de transfert
‘d'énefgie produit des atomes d'hydrogérie avec hne
"effiéacité apbréximative de 5% aussi importange_qué.
la produéfion.dé g;. D'autres expérience; seraient

nécessaires-pour comprendre &-fond et pour justifier

la cinétique  de ce processus transfert d'énergie.

v Y
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GENERAL INTRODUCTION

This research was concerned with kinetic studies

of the reaction
o®p) + mies) > ou(®m  + H(%s))

and also argon sensitized fluorescence of H,. Specific
introductory comments relating to these s£udies are
made in subsequent chaptefs but sincé most of the
experimental details are common to both it seemed
more convenient to begin with the experimental section

2

which follows.

S
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CHAPTER I
* EXPERIMENTAL

4 FLOW SYSTEM

'LEnergy transfér and kinetic experiments were
carried out in a fast flow discharge abﬁaratus. A
mévable iﬁjector assembly was uéed withla microwavg
Idiséhérge cavity for the generation of Hydrogen atoms
H gnd/o?-vibrationally excited hydrogenlﬂf‘ which can
be measured ;t.the'base of the reaction column. Figures
- 1(a) and'l(b)'are sqhematic diagrams showiﬁg the flow
:feadtor and deéecﬁion_system.

' O(3P)‘atoms were‘généfated by the rapid reaction,
N + NO—N3#0, k =3 x 10~11 cm3 molecule™) sec=l (1).
Hf and N atoﬁs were formed by passage through a 2.45
.GHz microwave discha;ge (Microtron 200 oxr Raytheon)
6perated at 17-150W power‘output.' A discharge bypass
system, similar to thét described by Clyne and Cruse
(2) was used to obtain low concenﬁrétions of'N..

NO was added at known flows éﬁ?bugh a jet ;pproxi—
 .mately 10cm dOWns;re;m of tﬁe N, discharge. The
reactof flow tube was'a ;.42 cﬁ i.d. pyrex tube pro-
vided with a movable injector which was used for ad-
mitting the hydrogén at any position élong the flow -
tube. The injector was fabricated from Vycor'or Pyrex
and its outer surfééé was treated with H3PO4 to inﬁibit

O recombination and to act as a luBricanﬁﬁfor the

1



FIG. 1.-

(a) Schematic diagram of the pyrex flow

tube reactor. The sliding injector
may be positioned at any point along

the flow tube (2.42 cm i.d.); N,N,,

flow of N atoms in N, carrier through

D, discharge bypass; N,,Ar,main carrier

gas flow; NOC1l,NO,flow of titrants;
P,connections to Silicon 704 oil manometer;
Ll,perpendicular resdnance lamp; L2, Ar
resonance lamp; Hz Hydrogen flow;

T,tygon connector; D ,D2,D . 2.45 GHz
microwave discharges; Ayaluminum block
fluorescence cell (See Fig. l. (c) );

M, to monochromator and detecting electronics.
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<a

FIG. 1.

.
v

(b} Schematic tdp view of fluoreéceﬁée

observation cell and detecting system;
Ll and L., , resonance fluorescence
l&mps; M; monochromator; D , microwave
discharge cavities; Cl,C . Channel
electron multiplier can %e positioned
at either one of two locations; I,Ion
guage; O, Oxygen filter.

3
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FIG. 1.

3

\_

(c} Schematic diagram of aluminum

fluorescence cell,A;

Ly/L, , resonance lamps; M,monochromator;
C ,Cﬁannel electron multiplier detector;
Fiow, reactor column reagent fast flow
system. LiF windows sgal ends- of Ly Ly, Cy
M , to prevent interruption of flow.

All ports are spaced 90° apart and support
L,,L,,etc., with aluminum flanges fitted
with™Viton "O" rings.Dimensions of cell

,are 6.096 x 6.096 x 6.096 cm. along edges.

The inner surfaces were all coated with

- 8iliclad. ‘

L POOE-ESPE

- [ TP e P L P ol




FLOW

[
To M Ly
I %
Ci, C2 s Lq
FLow
Fig. 1[cl.

Schematic Diagram of Aluminum Fluorescence Cell, A.
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tygon sleeve through which it passed. The interior
of the injector remained untreated in most experimenﬁg‘
in order tc suppress formation of hydrogen atoms. The
reactor column was internally coated in order to inhibit
atom recombination. |

The downstream end of the flow tube led through a
lérge bore (2.0 cm) stopcock to a liquid nitrogen
cooled high conductance trap followed by a Welch

1

500 1 min~~ (model 1397) rotary pump.

' LAMPS AND DETECTING SYSTEM

The fluorescence cell was equipped with four
polished LiF windows (Haréhaw Manufacturing Co.).
Severe transmiséion losses of the lithium fluoride
window material occurred during eXxperimentation that
necessitated frequent changes of windows. The reason
for this transmission loss has been attributed to LiF
colour centres which is a critical problem wﬁen used
hgar afgon.discharges. (see Fig.l3 , page62).

Laﬁp L2 w§s a low pressure Ar resénance lamp
similar to théé used by Bemand and Clyne (5), Lamp Ly
was a high pressure (27 k?a.) Ar continuum lamp similar
fto'that'deSéfiped by Wilkinson and Byram, (4);.a de-
tailed treatﬁgnt of the construction and application
of ﬁhis lamp appears in a later section under Appendix A.
Cylinder argoﬁ, dried and purified by passage at low .

pressure through a liguid nitrogen-cooled prap‘pécked '

N



with molecular sieves (Davison 4 8) and glass wool,
flowed through iamp L, for excitation by means of a
2.45 GHz discharge operated at ~17W. Total pressure
in the lamp was maintained from 250 to 500 Pa for a
typical flow rate of 1 ymol s~l.- The conditions used
were chosen to maximi?e'the signal to noise ratio.

The detecting system for sensitized and resonance
fluorescence studies consisted of a McPherson mono-
chromator QO.Bm; modél 218) with a 1200 line mm—;'-Mng
coated grating (blazed at 500 nm) joiﬁéd to the flow
reactor b& a pyréx.tube collimator which directs .
emitted radiation to the entrance slit; Detection was
accomplished using a Bendix Channel Electron Multiplier
(see Fig. 2) operated at 2800 V.d.c. (the power supply,
Fluke, model 408ﬁ, specified line regulation of  0001%)}
Signal pulses were amplified with a homemade preamplifier(i)
and an Ortec. timing-filter amplifier (model 454).

Counting rates were obtéinéd after discrimination (Ortec
integral discriminator, model 421)? by either a rate-
meter (Ortec model 441), chart recordex system or a
' digital counter (Ortec model 7755, cohpled toc a varia?le
timer (Ortec model 719). A complete schematic diagz;ﬁ'

. he

of the electronic arrangement is given in Fig. 2..

detecting efficiency (6) of the Channel Electron Multi=

ﬂl)Designedfand constructed in the University of Windsorx
Physics Department electronic workshop.

.



FIG. 2.

<

Schematlc diagram of electronlc
detecting system.



2800 V. D.C.~
Fluke 408B

Power Supply»‘

hVQﬂ/lf‘*‘"
Orfec 421 | [Ortec 454 | [
Integral T‘m'.gﬂd':'”er* Preamplifier
Discriminator| Amplifier
Ottec 441 - | . |  Orfec 775
Rate Meter ~ Counter

) 4 Y

Chart ) . | Ortéc 719 Timer
- Recorder ‘ _ ’

-

Fig. 2.

Schematic Diég‘i*ah’u of Electronic -Detecting System



FIG. 3. Detecting efficiency of Channel electron
multiplier in ultraviolet region. (Ref.:6.)

~
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plier in the uv region is illustrated in Fig. 3. The
detector - was mgintained at a pressure of approxi-
mately 7 x 10~° pa by a separate pumping system as shown .

in Fig. '1{b).

REAGENTS

‘Nitrogen (Liquid Carbonic) 99,996% stated purity
was further purified by passage at 101.3 kPa pressure
over copper (6739K), copper oxide powder (673°K), fol-
lowed by a cold trap at 1959°K. “On the low pressure
side of the flowmeter was another trap maintained at
77°K conﬁaining molecular sieves (Davison 4 &) on
glass wool. ,Tank argon (Liquid Carbonic) used for lamp
‘Lps Was d{?ed by passage at low pressures through a
glass wool packed cold trap at 77°K. Ultra—pure Argon
(Gas Dynamics) used for lamp, Ly, was similarly
purified, then further purified with a Ba getter
(Ventron Alpha) after lamp L] was sealed.

Ultra-pure hydrogen (Ligquid Carﬁonic) was passed
through a catalytic purifier (Deoxo~Englehard Mfg.)
and a glass wool trap {77°K).Nitric'0xide and Nitrosyl
chloride (Matheson) was distilled repeatedly under
vacuum.

The base of the reaction column (fluorescence
observation port) was taken as the approximate zero of
the time séale (5} for the rate calculation, and the

time, t, was given by the relation:

~¥
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' . _ XAP
[1] b= &= ST

-

where x is the length of the reaction column between

the base of the column and the point of meqsurement.
.A is the crossectional area of the flow tube (A=4,63 cmz):

P is the total pressure, R is the ideal gas constant,
T is the temperature in °K and =f is the total flow

of all gases.

—~ . FLOW CALIBRATIONS

4

All flows were measured using calibrated capillary
flow meters. Calibration was carried out by monitoring
AP . . . s
the ‘rate of pressuretggcrease (EE) with time, inside
a calibrated volume, V, concurrent with the effusion of
the g hrough the meter valve assembly (8). Fiow rates

were derived using the ideal gas equation,

/,

a dn drP . Vv
2 - —— = "
{\[ J dt dt RT

no- . .
where R is the ideal gas constant, and T is thé tempera-
ture (°9K).

The calibration consisted of measuring the pressure
decrease of gas from an isolated, précélibrated volume,
Vv, as it.flowed through the flow meter capillary-
needle yalve combination to the low pressure (pumped)
side of the reactor.l Pressure changes were arbitrarily
chosen sp-that they were syfficiently smail to insure a

constant flow meter setting during a caliﬁration run
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and large enough to facilitate accurate timing.

The flows were found to fgllow the Poiseuille

- _relation for viscous flow:?

'[3] dn _ mal (P22-P32)

‘at  8nl RT

in_whiéh dn/dt is the flow .rate of a gas in moles s'l,
a is the radius of the flow tub&, 1 is the tube length,
L] ié the gas viscosity, R is the gas constant, T is

the absolute temperature and P and P] respectively ?re

the high (backing) pressure, and low (reactor) pressure.'

Equation [2]vmay be simplified (9) to:

P dn - P - AP) AP
[4] A = K(2P - 4P)

and plots of g% obtained from [2] are graphed accord-

ing to equation [4] . A typical example using the

hydrogen flowmeter will be given. Table 1 lists the

results and Fig. 4 shows the calibration curve.
The calculations for the flowmeter capillaries

were carried out by determining the pressure drop rate
%% of a gas in the known volume, V,for a measured pres-

sure difference A P through the flowmeter. The mass

flow rate (%%) was determined using equation.{2] and

[4] .
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Table 1. -Data used for determining flow rates for
the Hydrogen flowmeter. Values of 4P/dt
were obtained from the slope of a linear
plot of pressure vs time graph carried
out at various average pressures,

Notes from Table:

(a)Average pressure was determined by taking
the arithmetic¢ mean of the pressures used
in a graph of P vs t for determination of
the rate of pressure change dP/dt.

(b)1l cm Hg= 1333.2 Pa



89°0¢ <9 1t c0°1v AZANY ST°9¢

85°ZS 0T°LS 0E" 0L L0 66" 8€E
Sp*S9 v6°89 0G6° L8 06°0 . GL°8¢
TE 8L 26°G8 ~ 69°¥0T 80°T ZE OV
65°€C £€9°62 ¥6* 1€ . 82°0 06°SV
00° ¥ . 08°8% " 788§ : 95°0 S8 €V
S Ve © ¥9°9¢ 0Z° 9% GE' 0 25°2S
v 8 L0"8 - 82 TT L0"0 G9°LS
8T bE . LL"8E  OLTSY £v°0 0E°SY
96°Z1 - ogg'el ARA : €1°0 09° 6%
80°62 0f *0OF 88° 8¢ 820 . GZ°'¥S
9.°ST €S LT . 90° 12 61°0 LT 9%
pbae
_S Tou av(dav-daz) (._S wd) ﬁnwﬁmm wo) 4 Anuﬁmm wo) d
3 L Ap 23oWMOTT 2INSSaIg
o0T X ﬂm g0t x.mv ut doap (®) Spezoay
. sanssald

plep 2381 MOTJI

: 1 A19Y%



FIG. 4. Calibration graph for Hydrogen flowmeter.

(1 cmHg. )2 = 1.778 x 10% pa?
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"V = 1409.8 cm3

R ='6.34 x 103 (cm-ml) / (deg-mole)
T = 2979K |

an = dP (5 48 x 10-4)

dt dt
=K (2P - AP) AP

K = 0.917 umol s~ (cm Hg)"l for the hydrogen
: . flbwmeter.

dP ., i :
at 1s taken as the slope from a linear graph of pressure
vs. time for various average pressures. The average

pressure P is used with the AP in the oil manometer

in a plot with (%%) or flpw to 6btain a linear plot,

(see .Fig. 4), from which flow may be read and used for
subsequentfcalculatibns.

The partial pressure Pi of the reaptants were
calculated from thg flow rates fi by mégns of the

]

expression:

. . f.
5 P. = 1 P
[5] ll, If

1

The concentrations of the reactants were calculated

from the partial pressures by utilizing the following

relationship:

[6] | fi]- 5

RT

The total pressure P, of the system was measured

‘using a silicone oil manometer'(l cm o1l = 10.40 Pa}.
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The concentration of NOCl and Ar were obtained by
applying a gas velocity correction in lieu of recali-
bration since identical flowmeters were used and ali
éther experimental qondiﬁions rcmained the same. The
viscosity correction arose- as a consequence of the
assumption that all flows were viscous flows which
obeyed the Poiseuille equation.[B] .

It may be deduced from equation [3] that if two

different gases pass through the same orifice.under

identical experimental conditions, the ratio of their
flow rates will be inversely proportional to the ratio
of their viscosities., Viscosity data was taken from

the CRC Handbook (7) .

15
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CHAPTER I1

~ INTRODUCTION .

Rate accelerations for chemical reactions have
been observed for the case where one of the collision
partners is vibrationally excited (10), (11), (12), (13).
Birely and Lyman (14) reviewed all the vibrationally
enﬁanced reaction results obtained in hopes of show-
ing a correlation between the magnitude of the vibra-

tional enhancement of rate processes and identifiable

physical variables. They concluded that there was

insufficient experimental data to adequately test the
theoretical treatments (15), (16), (17).

Theoretical treatments based on the concept of
microscopic reversibility {(15), (16){ (17) require more
data than is presently aéaildble (14) and there is no
obvious way in which to formulate the vibrational ac-
celafation'of rate processes in terms of easily measﬁred
microscopic or macroscopic variables. It was proposed
(14), however ﬂhat excess reactant vibrational energy
-Ev,cén be uséd to overcome the Arrﬁeqius activation
energy Ea. 'In this case, the rate constant, ﬁ?for
reaction of vibrationally excited reactants is‘increased
by a factor of_éxp (%Eg . above that for reactants.in
their ground\ftate. The efficiency in-using internal
energy to overcoﬁe the Arrheniusactivation energy,

Ea is méasured by the parametercxand is defined by:
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\T‘. i :
[7]) ' Ea = Ea - aEv

a

Assuming that A;, the Arrhenius pre~eprQential

factor remains unaffected by the degree of excitation

of the intemmal reactants; it is possible to calculate

..- %
a« f£rom the :atlo (%_) as: .

5t8]. . «a = g% 1n(§i)
- The Arrhenius factor is assumed to be unaffeetgd
primarily due to the.iack of data on the bulk tempera—;
"ture dépendence of *. It is also emphasized that

the conversion efficiéncy parameter, « is an empirical
quantity used only asfgﬁgindicahion of the v%bggtional
acceleration of rate processes, Reactioné of vibra-

~
tionally excited H,, HCl, OH and 04 exhibit rate

-~ .acceleration attributable to vibrational energies (10)~

(14) - with « S?O.Glin all cases;
- 'There has been no obvious correlation of « to the
energetics 6% vibrationally enhanced systems that have
been studigd.. it hés Eeen indicateq {18) that the
reagent vibrational energy is'generaily more effective
'than'tranglation in promoting/SPdothermic reactions \\
whereas. the contrary is éﬁdicaped for the exothermic
éystem. For all the exothermic systems recently
studied, @ < 1, however there is no sﬁ;ong elationship
between « and AH. There is some indication Egr reac-

. L)

. £ . . . .
tions of HCl-~ that « increases with increasing mass of
LK T | .
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the atomic reagent.
\

VIBRATIONALﬁ& EXCITED HYDROGEN

Reactions involving vibrationally excited hydrdgen
Héi, are of interest for both_theoretical and practical
reasons. In particular, the reaction of vibrationally
excited hydrogen Hi , with ground state atomic oxygen
(32) is important to our atmosphere as well as in outer
- space. Recent measurements related to missile exhausts
indicate significant IR radiation‘fgom vibrationally
excited hydroxyl radicals(OHi) created by a non-carbon
burning fuel (19). This excitation has been attributed

to the reaction;

(9] . 0+ Hf

— oﬁi + H

.It has also been sﬁggested"that yibrat;onally excited
Hf’plays an impoftant role-in upper. atmosphere photo-
chemistry (20). _If a significant'leéel of Hf is preéent
above 50 km, calculations show the buildup of Hé‘appre—'
ciably redyced and a large increase in HZQ néar the
mesopause. .

- The energy difference between the zeroth and First -
Qibrational ievels of ﬁf'is very large (ie 49.8 kJ mol—l).
If all of the vibraticnal energy were used in overcoming
the 36.0 kJ mol™! measured activation energy (21)
for the réaction between ﬁolecular hydrogen and atomic

— OH + H

oxygen, 0.+.-H2

LI

g
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then the. reaction should be very fast and a flowing

stréam of oxygen atoms would be rapidly depleted by
the addition pf vibrationally excited hyérogen ' Hf.
(By Hf we mean X 12:; H, in an unspecified vibration-
ally ekcited state).
[10] - ‘0 +. Hy — OH + H

A fast flow discharge system utiliziﬁg a r%§~
onance fluorescence detecting technique for monitoring
H production and O deplgtion‘was used to study the

influence of viBrational excitation of'H§ on the rate

of reaction [10] at 298°K.

EXPERIMENTAL

*

A detailed discussion and thorough description of

" the ‘experimental apparatus used in these experimenté was

given in the preceeding chapter. This section only

briefly describes the techniques in studying this reaction.
A great deal of effort Qas_made in an attempt to

directly observe and monitor vibrationally excifed

H§ (v=1) bf absorption.Foxr this pufpose an Argon con-

tinuum lamp waé constructed (see Appendix A) to serve

as a radiation source. H§ (v=;) absorbs fxom 112.0

to 117.4 nm (22). Fig.7 shows the spsgtrum of the

Argon continuum observed. It is apparent that the

" transmission below 115.0 nm was insufficient to
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successfully observe H% (v=1) absorption. () yever-

a B
theless, some preliminary runs were carried out as

1 \

follows.

Initially the reaction [10] was studied by dis-
charging gaseous molecular Hydrogen (Liguid Carbonic
Ltd.) in an injector assembly (see Fig. 1l(a)), and re-
acting the products with O (3P) created by the
chemi;uminescent reaction N* +7N8—:»N2 + O while .
monitoring the perUCtiOh and decay of relative H
by eitheriof the two following techniques; (i) reson-

ance fluorescence observed through an oxygen filter and

(ii) by monochromatization of the resonant fluorescence

at N = 121.6 nm.

Signals were generally found to be erratic and
guite often only slightly above noisé levels an& qritic—
ally depended on column coatings used to-inhibit |
recombinatioﬁ‘of the H atoms produced.

« Phofon counts utilizihgathe Ortec Model 775 counter
were usually taken for durations of 60 seconds '‘for each
measurement during a run. A fun comprised about 50

measurements. Reaction times ranged from about 3 to

514 milliseconds and the data collected over this range

consisted of graphs that showed a genéral increase in

intensity towards ionger reaction times as expected.

tl)The monochrometér has now been returned to the

factory for refurbishing, cleaning and recoating the
optics. _ '
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R. F. Heidner III (22) observed that kinetic
experlments on the deactivation of Hz (v=1) strongly
favours the gas phase process over a wall deactivation
process. A rate constant, kjp = 1.8 + 0.9 x 1081 moi~?t

s~1 was obtained for the following process:
K
- [11] B+ B (v=1) —2F H + Ey(v=0)

In order to minimize this effect, a reaction
with NOCl was carried out to eliminate H and provide a

means of obtaining O by reaction of N* + NO.

[12} H + NOCL —~ NO + HCL

[13) N* + NO =+ Np + O (3p)

Unfortunately the concentration of O obtained by
this method was too low to obsexve v1sually (air '
-afterglow) and no pronounced reactlon with ﬁi was ob-

served in fluorescence measurement of either H or O.

KINETIC ANALYSIS

-~

Preliminary values of ﬁi were derived from the

following equation based on reaction [10] P

() zalefd o) - o] [nf

dt dt

Pseudo fimst—order conditioné-were assumed with
'[O:Ib,fﬁéil. It is emphasized however that without a
valid measure of H2 such an’assumption is not wholly
Justlfled. However, in other studies {(22) [H l)had

been estimated as approx1mately equal to. [Hld' in

.



this work [H]< [o] and from [14] .

T1s) caan [8flo/ [wdl) - kfo[o:l
at |

andiéipge-fﬂ] produced = [Hfj removed

[16] aan (] s 0ul) = k%o[oj
at

The ratio [Ii] / [I{]O is given by the measured

ratio of L- a. fluorescence intensities I /I, in the

£
absence of (IO) and presence of H, (I).

RESULTS AND DISCUSSION _

The results of all the rung are listed in Table 2
and typical H atom fluorescence decay plots are shown
in Fig. 5. From this data a.very preliminary estimate

v .
of kfo was derived (kfozz 8 +5 x 1010cc mo1”t s71).

The extremely poor precision in these data is
probably due to loss of H, and Hf deactivation on the
walls of the flow reactor. In addition if ‘[Hf:] ::[O] )
a second-order kinetic analysis would be appropriate.

Clearly before a reliable‘value could be obtained,
[Tﬂfl] must be measured Nevertheless it is interesting
to compare the value obtained here with the 6nly pub--
lished (11) estimate. (k1a<6 x 1010 em3 mo1™! s1). Birely
ef al (11) used vacuum ultraviolet- fluorescence for moni-
-toring the concentrations of major species. No H atoms

were detected in the resonance fluorescence cell when O



Table 2.

Summary of kinetic runs.
(Preliminary Results)

I\
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FIG. 5.

Decay plot of relative

Peot™ 32.2 Pa ; Eﬁal
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atoms were mixed with H%. Also, addition of H%\led to
no detectable change in the ' fluorescence by 0. Furthur~
more, addition of O had no detectable effect on the
cqpcentraﬁion“of H%., The'ekplhnation,for this behaviour
was attributed to a lack of sensi;iﬁity in the detection
system since the smallest increment in the H atom

density that was detectable was 10-11 mol cm™3.

_Saturation of O atom resonance absorption occurred for

. =
[0] = 1.6 x 10710 mo1 em™3, similarly for [H,], hence

‘'only an approximate value on kfocould be established.

From the observed results, it is clear that the

‘total measured activation energy cannot be overcome

"by the vibrational energy of H%(v=1). By assuming that

the Arrhénius' pre-exponential factor is identical for
the reaction of both ground state and excited H%, we
can roughly estiﬁate_the fraction & of the H% vibra-
tional energy, Ev, used in .overcoming the aétivation )

energy Ea. Using the previously determined value of

k (21), (Resonance fluorescence)'for the reaction

_ between ground state hydrogen and oxygen (k = 2.33'x

- 10%¢cc mo1-1 s71)y at = 2980K we can.write the relation-

ship between the reaction with excited and ground state

Hydrogen as:

f17] kTO _8 xﬁiol? = exECﬁiEv/RT)
| k 2.33 x 10°

" from which. « < 0.5

Hence no more than ~50% of the vibrational energy

of g% is used in overcoming the activation energy. This
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is in agreement with the work of Birely et al. (11},
who calculated a = 0.53(1). This is also in agreement
with other recent studies (14) for which.a is generally

less than 0.6,

CONCLUSION

These preliminary experiments concerned with H%
allow much room for improvement. Monitoring [Hf] is
necessary to fully establish the extent of reaction of
this species with oxygen atoms.

Since iesonance fluoresence ﬁas been shown to bé

15

applicable for concentrations as low as 5 x 10°~ mol/cc

(23), (24) it would seem that this technique would offer

{ .
a very sensitive means of determination of Hi under .

2
the proper conditions. 'The. existence of vibrationally
excited groundAsfate hydrogen in thé v=1 or v=2 levels
would be manifested as sensitized near resonant
fluorescent emission if an érgon lamp is used for exci-
tation. The R(l) line at 106.7 nm of thé//;rzzal =2
band of the (B lz:ﬁ —r X li:g) transition islnearly
identical to the Argon:resonance line at 106:7 nm
which is stroﬁgly excited in an Argon resonance lamp (27).
This progression can be observed as sensitizéd fluor-

~escence radiation and is nearly identical to the process

used by Wood in his experiments with Na2 (25).

(1) o was incorrectly reported as 0 3 in ref (1ll) and
(14), personal communlcatlon.
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]

Resonance excitqtion.is demonstrated as the process
causing this enhancement observed in the following part:
of this thesis. Since.the resonance defect of the

Bio level is very small, (Alv=0.7, see in Ar section, p.63)

a strong excitation of this level .in collision with

excited Ar in the 3Pl state with Hi in the x% level

~would produce this characteristic enhanced progression

v'(v'=10) from 98.2 nm to IS0.0 nm as observed in discharges by
Takezawa et al (28), Beutler (29), (30) and Herzberg
et al (26).

Takezawa et al (28) proved the existence of v=2
of the ground state for vibrationally active Hi by
observing the absorption spectrum of H§ which was
discharged downstream in a.flow system. This was not
able to be observed.in this experiment due to the in-
sensitivity of the optics and the large concentrations
of Hfﬂrequi:ed (see Appendix A). ‘Sensitized resonance.

fluorescence originating from thekvibgationally excited

gréund state hydrogen v=1 (xi, x%) exemplifies itself

‘as emission from the C state (v'=0,v") of H, (EXCitQéEE& the

lPl state of Ar)which emit from 101.0 - 119. 2 nm. The

energy defects in this case (28) are very similar. to
those for the Lyman bands y“(v'=3) however, the emission
is in a less sensitive ranée than can be observed in

our detecting system. In order to observe vibration-
ally exc%ﬁed hydrogen, -a long absorption‘cell would be

required and high sensitivity in the region from 105.0

- 110.0 nm for v=1, well resolved emission, and a low
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pressupespowerful lamp discharge. - Sensitized ?luor—'”
escence would serve as a more desirable technique,
vhowevér a more sensitive detection apparatus would be
required'in the far uv. .

The importance of the effects of vibrational
exciﬁétion on reaétion rates cahnot bhe underestimafed.
If Hj‘constitutes a major$product from H2 discharges,
then .this will have to be taken into consideration for
all previous and future studies carried out utilizipg
this technique. The elucidation ¢of the behaviour of

excited species will also have the effect in determin-

ing:the importance of these reagents in our atmosphere.

-~



" CHAPTER II1I

INTRODUCTION

-

Absorption of energy by collisi nS(Bf excited parti-
—
cles with a neutral atomic or molectilar gas can lead to
energy transfer phenomena produc1ng excxted states and
ionic species, {(31).

The interaction of radiation with a system which

absorbs enexgy. leads to a new chemical and thermodynamic

[§

equlllbrlum by a number of intricate processes. Precisé

1nformat10n concerning the dissipation of energy in

various gases Iis needed because of its dlrect application,

ﬁto important excitation mechanisms of gas laser systems
(32) and radiation chemistry as well as contrlbutlng

.to knowledge concerning atmospheric processes of our own
and other planets.

Increasing interest has recently been given'tﬁ
electronic® energy transfer reactions (35% ;— {39). A
.ﬁumbér o; studies carried out in recent years have been
concerned with analysis of the prodﬁct channels between

v
metastable argon atoms and a variety of small molecules.

Particular interest haé been paid to analysis of electro-
nically excited product states (33), (40). .
The use of noﬁel gases in energy transfer research
is fun@amentallyyimportant. A‘ngmber of important
pathways are available for energy-aistribution; among
. j ] .
these_is'the transport of resonant‘br neér resonance
. o

radiation. 5

-,

‘“f“wm_ﬂ__m;/ //‘~w_‘d/f
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The number of possible energy pathways is more

1imited for the inert gases than for molecular species

30

and their inert chemical properties makes gases such as

argoh an excellent species with which to study energy

trxansfer reactions.

A study by Thonnard and Hurst (41)

contributed much to the awareness that both metastable

\_dtatés and resonance states are very impértant in the,

energy pathways for nobel gases.

Many resonanée radiation studies (41}, (42), (33)

utilize the first excited electronic configuration of

Argon_(Bps 451) (35) which gives four increasingly

-

energetic states, 3P2 1.0 and lPl. Transitions of the
+ I I * * .

resonance states,

3p

1

and 1Pl to thelground state are

allowed for electric dipole radiation and follow the

selection rules AJ = 0, = 1; J = 0-40.

The spectfo—

scopic notation and energy levels {35) are shown in Table

3-

Lowest energy levels of Argon atom

L

- TABLE 3

(a)

SPECTROSCOPIC .
NOTATION _
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Introduction of a foreign molecule or atom perturbs
the complicated relaxation of the excited system by
introducing new pathways depending on the nature of the
added gas. Precise calculationﬁ on the hydrogen
ﬁolecﬁles (43), (44) have inspired reinvestigations of
the Lyman bénds for H2 and its isotopic species. Much
improvediresolution and wavelength éccurécy has been
adhieved {45} since the pioneering experiments of
Theodore Ly@an (46} . "

) Early studies by Lyman'(46) and others (47), (48}
deménstrated that the normally complex emissiontspectrﬁm
of‘Hz~in the vacuum-ultraviolet region is considerably

. simplified upon the addition of an excess of Ar. Lyman
.{46) observed that the single progreésion (v'=3,v") of
the B lZ:ﬁ-++x lz:é band system of H2 was very much
enhaﬁcéd whereas other bands were very much weakened inv
ﬁhe.présence of Ar in a dis¢harge.

Other investigators folind similar results but

with some differences also n_ted. eutler (29) found

an additional progression of the Lymaﬁ bands ie.
(v'=10,v") in a similar system.with HD, however for this
second transition, the individual bands only originated

-

from the J=2 rotational level of the upper state (ie.
only the R(l) and P(3}) branches were seen).-

! K. Mie (49) observed similar phenomena to the
Beutler progression; the v'=3,v" progression was observed

but contrary to the Lyman observaticn on H2, the
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individual bands contained transitions emanating from
both_Jél and J=2 levels bf éhe upper states, i.e. th?
R(0}, R(ll; P(2) and P(3), with the R(p) unresolved
from the R(l) line. The (v'=0, Q") progression of the
Werﬁer bands, C 1Mu—rx lE:& for HD was likewise
enhanced (49). | _

Witmer (47) observed that for a very low partiair
pressure of H2 iv Ar, this progreséion (ﬁ lE:ﬁ—é# 1223)
appears with almost no association of extra bandsl??
Dieke and Hopfield (48) Suggested that the enhancement
may be due to collisions of the second kind (i.e. excited
atoms collide with slow electrons and produce unexcited
atoms and fast electrons (50) with metastable argon
atoms'but they did not specify the' two metastable states
in their work. Beutler (30) also étqdied this progres-
sion but was not able to resolve the problem (28).
| The theoretical explanation first developed by
Kallmann and London (51), is more generally explained
by N. F, Mott and H.S.W. Massey (52) as the theory of
resonance excitation. Essentially the v'=3 levei of the
B state of hydrggen is selectively excited by collision
of -argon (106.6 nm) with_ground state H2.

From Kallmann and London's theory (28), (51) the
upper level of the enhanced ba%dé, v'=3 of B Lz:ﬁ '
should be éelectively excited by collisions og Ar atoms
in the-3Pl state and not in the'metastable state as
suggested by Dieke and Hopfield (48). The efficiency

of this excitation 'should follow optical selection rules
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and be proportional to the resonance defects (28).
This is in agreement with S, Takezawa et al. (28) who
confirmed the K-L theory in their oﬁservations.

Considerable interest has c?ntered on the selective
enhancement of the H2 spectrum in the vacuum ultraviolety
.region when excited with an Ar resonance lamp in an
atmosphere of argon. Excitation of the hydrogen
molecules into specific vibrational and rotational levels
of the B ;E;ﬁ electronic state is explained by the
gbsorption of.the 104.8 and 106,6 nm érgon resonance
lines (40) and by near-resonant elect:onic energy
transfer from excited argon to hydrogen (33). Al;_the
eariy experiments of selective enhancement were carried
out with both H2 and Ar present in the excitingglamp
(46), (28), (27). Only recently has the H, source‘been,
separate from the lamp (33), (40) . )

Fink et al.(33), (40) used two.differént experimen-
tal arrangements in which hydrogen was excited in a
fluorescence cell outside of the discharge zone. This
allowed them to use a single emission line of the lamp
for excitation and to measure the unresolved molecular
fluoreséence intensity or to observe the resolved
fluoreécence radiation spectroscopically.

This work was carried out for confifmation of Fink
et al.'s ébServations and to investigate the possible
dissociation of ﬁz into hydrogen atoms as ‘an effective

collision channel which may compete with energy transfer.
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EXPERIMENTAL

a) TECHNIQUES . i

Techniques utilizing resonance fluorescence have
been explored for a number of years and have become
established (50), '(52), (53).in enexgy transfer experi-

r
ments.

Hydrogen is a'simple system where the interaction
of only ‘two electrons must be considered. The hydrogen
molecule is particularly favourable because of its
widely spaced energy levels. The resonance-flucorescence

. method of studying energy transfér between Ar and H2 has
| been employed in this study. Collisions between opti-
‘cally excited argon atomé and hydrogen molecules produce
excitation of the nearlywresonant electronic-vibration-
"rotation state (B 12;3, v'=3, J'=dt*4) of H2 for
"~ relatively high total'pressures {up to 20kPa)- At these
pressures, spontaneous‘emission, in the vacuum ultra-
‘violet region, return the molecules to the ground

electronic state (X 1233) from the excited level. The

- __experimental procedure administers a mixture of hydrogen,

—

“--.._and aréaﬁ”which\i§\g§cited by an argon resonance lamp.

——

— ] .
Hydrogen radiates with a lifetime..of 'approximately
=10 T L
8 x 10 seconds (54). The rate constant for colliision-
al processes can be established by measuring the observed
) fluorescence spectra over a wide range of pressures
and_using the known radiative transition rates (55) to

establisb the time scale for excitation of the hydrogen

into (i) rotational (ii) vibrational, and (iii) electro-

i
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nic states.

b) PROCEDURE

The detection system; fluorescence cell, lamp,
monochromator, Channel Electron Multiplier, electronics,
and recorder are described in Chapter I. Typical
pressures in the resonance fluorescence lamp that were
required in order to p;oﬁﬁce the H; B state, was
ggproxiﬁately 0.4 kPa.This is much higher than that
useq.by Fink et al. (33) who used 6 x 10”4 kPa,however
ét lower pressures than = 0.1 kPa,no signal could be
observed in our apparatus andﬁthe optimﬁm pressure for
Lyman Band fluorescence was experimentally determined "
to be in the vicinity of 0.2 - 0.5kPa A£ pressure in
the lamp. This was determined by setting the wavelength
of the monochromator to a peak cqrresponding to a
transition of thé Lyman band in the fourth order
‘(usuaily the R{0Q) branch of the (3,4) transition at.
126.9 nm) with an Ar/H2 mixture either flowing or under
static conditions. The Ar flow throuéh the lamp was
then adjusted to a point where this signal reached a
maximum. This piocédure was carried out before each run.

Scans were then taken in the fourtﬁ order over the
wavelengih range 100.0 nm to 165.0 nm af scan rates of

0.1 to 2.0 nm minnl. The‘optimum scan rate for maximum
1l

resolution was found to be 1.0 nm min

Alternatively, once the exact Wavelengths of the
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Lyman bands were determined, the wavelength of the mono-
chromator was set a£ the corresponding éeak and count
rates using‘the Ortec discriminator and counter were
undertaken for periods of 1 min. In this method, the
intensity of Lyman - «. emission in the foirth order
(121.5) was monitored for 1 minute after each measure-~
ment of a Lygan—band peak. Count rates were normally
taken until two successive count rates agreed within
statistical deviations. Fluctuations in signal were
occasionally observed thch required adjustment of the
discriminator level. In these cases the experiment was’
repeated. |

Once the optimum pressure for the Ar lamp was
determined, the column was evacuated and background
measurements were taken. Fo;’;n experiment, where the
data consisted of a series of scans, backgrduﬁds'here

measured by comparing the observations to three spectra:

the first with the fluorescence cell evacuated (i.e.

'lamp reflectance only), secondly, a scan with argon,

and'thirdly with hydrogen in the cell. In the latter
two cases, trace impurities of the order of < 1l0ppm
were assumed:

Mixing of the H2 and Ar was usually carried out
twenty-£four hours before beginning an experiment. The
technique used in mixing the gases consisted of evacuat-
ing the storage volume, fluorescence cell and connecting

tubing followed by admitting the reagent gas to an

accurately measured pressure.' The hydrogen was then
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diluted with Argon thch was continuously admitted to
the system, divided into two flows, under a continuous‘
positive pressure of >101.3 kPa.

Initially scans or count rates were taken using .
flowing mixﬁpros. In this procedure the backing pressute
was found- to vary by as much_as 50% due to the long
duration of the experiment and a constant proportion
of hydrogen was difficuiEMEo“mainﬁﬁin- In later experi-
ments a premixed quantity of H,/Ax wagmgiioﬁédwtomﬁlQHmehm
through the fluofescence cell while monitoring the
emission produced. in this case, preésures were
limited (maximum 400Pa) and depletion of the mixture
resulted in only one of two runs being carried out for an
experiment. An experiment usually contained 9 to 14
runs. These two methods resulted in limited systematio
runs that could be carried out for a given mixture y
during an experiéept. |

Identical results of sensitiéed emission were
observed for the case of a static system. ' In this case
the column and fluorescence cell were evacuated and a
small amount of Ar/H2 mixture was admittod to the cell
and a run undertakeo. At the completion of.this run a
larger amount of the same mixture was admitted to a
higher total pressure and aﬁofher run completed. " In
this method a pressure range from 1lPa to 6.65 kPacould bi
undertaken using a constant mixture of Argon and Hydrogen

for a series of runs in an experiment.

Between runs, the fluorescence cell and column
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were evacuated and background levels of. the lamp and
Lyman - @. were monitored. This (static) method of

F
experiments was found to be ideal because of the constant

. pressures observed for a run and the wide range of

*

pressures that could be studied during an experiment.
During an experiment all conditions were kept

constant except for total pressure which was varied

- from run to run. Slit widths of the monochromator were

set between 50p and lmm and the Argon lamp power was
intentidnally.kept'at a minimum of approximately 17
Watts in order td keep colour centre formation of the
lithium fluoride windows to a minimum. Conditions were
varied bétween experiments in. order to maximize observa-
tion of sensitized fluorescence of the Lyman bands.

The Argon used was standard grade Ar obtained from

'Liquid Carbonic, the Hydrogen was Ultra Pure grade

and supplied by Gas Dynamics, 720 ‘Progress Ave.,

Scarborough, Ont. M1H 2X3. -
All the Lyman bands observed in the v"(v'=3) pfo—

gression were studied.

c)} SENSITIVITY OF THE DETECTION SYSTEM

Relative intensity measurements of the Lyman bands

- observed were studied to determine the relative

sensitivity of the monochromator-detector apparatus in
the wavelength range from 105.0 - 165.0 nm., The tech-

nique was similar to that proposed by McConkey (56);



FIG. 6.

-

Relative sensitivity of the detecting
system from 105 to 160 nm.

{ See Appendix B for 1st order low
resolution data in Table 6, .0 ; High
resolution data normalized to R(0)
branch from Table 7(a), -+ ; and P(2)

branch from Table 7(b), X .)

-
.
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Relative sensitivity of the detecting
System from 105 to 160 nm,

("See Appendix B for lst order low
resolution data in Table 6,0 ; High
resolution data normalized to R(0)
branch from Table 7{a}, + ; ana P(2)
branch from Table 7(b), X .
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whiéh“is'similar to the.branching-raéio technique using
relative intensities of the lines observed and their
corresponding transition probabilities. The calibration
was performed to determine the optimum wavelength region
for meaéurements of the sensitized fluorescence obsexrved.
A more complete description of. this tqshnique is given
in the appeﬁdix, and Fig. 6 shows fhe final result as
a plot of relative sensitivity as alfunction of wave-
iength. It can be seen that the detection system is

N
most sensitive at wavelengths near the v'=3, v"=4

transition.

RESULTS

"a) OVERALL OBSERVATIONS -

”n

Most of the available vibrational levels in the

ground state or in the electron%sally excited state of

a diatomic molecule are populated by an energy transfer
mechanism (33), (53)." Excitation of the B %2:5 state

of hydrogen is known to be populated by collisions of

optically excited argon atoms with H..molecules (33),
2 , h

thus transferring electfonié-energy from Argon to
Hydrogen accompanigd by emission from the Lyman bands.
Figs. 7(a) and 7(b) are schgmatic energy level diagrams
describing the transitions ogserved fdr the Lymaﬁ bands.
Similar behaviour was observed for all bands of
FAS

the B %Ejﬁ-f»x 12:3 transition. 'Fig. 8 shows how the

f |
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FIG.

7. (&)

¢ (b)

Transitions between the rotational-
vibrational energy levels foxr the

(3,4) band.. (Schematic)

Pumping of the v'=3,v" level of the

1t . . .
B 7)., state of H, by Ar excited by

106.6 nm radiation. The v'=3,v"
progression is emitted as sensitized
fluorescence. .

~J
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" Fig. 7[a].
Schematic Energy Levels Diagram
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Plots of sensitized fluorescence
corresponding to the R(0) branch,
(3,4) band of the Hj ( B I imx 122 )
transition in low resolution studies.
Approximate linearity is shown up to
PH = 12 Pa and a decrease in intensity
2
is shown above pressures of 50 Pa. {
Abscissa scale change indicates behaviour
of fluorescence intensity at very high
pressures of hydrogen with trace impurities
of argon (= {10 ppm ); X (3,4); 0(3,0);
I (3,1); @(3,2); (3,5). .
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' intensity of the baﬂds observed vary with pressure at
low partial pressures of hydfogen. The intensities shown
have not been corrected for the sensitivity of the
detecting system.

Table 4 lists the counting‘rates for the low reso-—-
lution data ang the pressure range-s?hdied for one
experiment,

Plots of the intensity of the H, sensitized fluor-

2
escence over the pressure range studied show a general
increése over the region of low partial pfessures of
hydfogen used, followed by a general ﬁec£ease in intensi-
ty, indicative of quenching. At very high part%al
pressures of hydéogén, the daté&points tend to scatter
and remain approximately constant in intensity. The
behaviour of the (3,4) band is iﬂaicated in Fig. 8.

Fig. 9 shows a complete spectrum of sensitized
resonance fluorescence observed under conditions of low
fésolution when slit widths were 5603:. Interference
from third order is also shown in Fig. 9. The‘(3,45 to
{3,8) bands are the firstlin the'progression to be f?ee
from the effects of overlap from the thirxd order pro-
gression. The (3,5) to (3,8) bands were found to be of
- very weak intensity and in the less sensitive region of
the detector response hence the (3,4) band is most
representative -of the B—»X fluorescence.

Similar observations were noted forfthe high

resolution spectra except that peaks arising from

e ——— e e e am e e




Table 4. Experimental count rates observed
for bands of sensitized fluorescence-

1.t 1.+

Eu -+ X Eg) .
Low resolution experiments. Mole
percent of Hydrogen : 0.77%. Signal
values were taken-as photon counts
integrated over 60 second intervals.

emission from H5 ( B

Notes from Table:

(a)Count .rate corresponds to R(0) branch
{(b) Count rate recorded immediately after
R(0) wvalue taken,corrected for background
(c)Count rate corresponds to P(2) branch
. (d)Count rate recorded immediately after
P(2) value taken,corrected fpr background
(e) Fluorescence cell evacuated i.e. P= {0
. (£)Assumed Ar impurity level 1l0ppm i.e.
studies using high partial pressures
of Hydrogen.
+ {g)Assumed H, impurity level.

45
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TN

L.ow resolution sensitized resonance
fluorescence spectrum of H}. One

- major progression is observed from

v'=3 in two orders (3rxrd and 4th).
Partial pressure of H,= 97.3 Pa :
at a total pressure o% 479 Pa. Slits,
were set a§1509 microns and scan rate

1,0 nm min ~. - e
) ~ .
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J' =0 - 4 rotaﬁional levels could be seen with the
[ ,r@],[re0),r(1)],anale (2) ,R(3)] pairs unresolved

A typical tracing df a v'=3, ﬁ"=4 resolved baﬁd
is shown in Fig. 10. The upper portion is under condi-
tions of low pqrtial pressure of H2 and the lower tracing
shows the effect of high hydrogen partial pressures
while all other conditions remained constaht.
; At high H2 concentrations the unresolved pairs -
[r(0), ()] ana [P(2), R3] are the only signifi-
cant fluorescence éeaks observed. The reason for this
is due to the bulk of the bopulation being in the
gt = 0,1 levels, probably as a result of rapid rotaticnal-

rotational quenching cocllisions.

b) INTERPRETATION OF RESULTS ~ LOW RESOLUTION STUDIES

The' results show fluorescence emission of the‘H2 -
Lyman bands éensitized by'argon. “There is a general
increase in intensity with increasing pressures and a
quehching process at higher pressures (see Fig. 8}.

The overall obsexvations follow a regular, bepaviour over »

the conditions studied and may.be used to suggest a

possible mechanism for the reactions observed.

¢} KINETIC ANALYSIS '

The relative fluorescence intensities should be
directly related to the relative rates of sensitized
excitation of the hydrogen (v' J') levels by Argon, (33).
Siné; B state hyérogen radiates with-a lifetime of
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FIG. 10. High resolution sensitized resonance
‘ fluorescence 'scans of low (upper tracing).

and high (lower tracing) partial pressures
of Hydrogen.The Argon lamp was maintained
at a power of 25 W at a pressure of 219 Pa.
The partial pressure of Hydrogen in the X
upper tracing was 507 Pa at a total pressure
of 4000 Pa. In the lower tracing the
partial pressure of Hp was essentially

- the same as the total pressure of 4467 Pa.
A small amount of Ar Impurity is assumed.
in the lower tracing (<{ 1% ). £
*
>
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approximately & x 16?&2_SQEL the fluorescence spectrum
over the pressure region studied should give the rate
T
constant for the following process:
. - 1
-['18] Ar + H, (x 125( v" = Q,J"} —~ H% (B ﬁ,v',J') + Ar

A kinetic scheme of the reactions occuring in the systeﬁ

under study is prdposed as below. The rate constants k
J

are actually 2 ki (i.e. ki are summed over all rota-

i=o
tional states).

[1s] Ar + H, — H; + Ar e
SN . _ '
[19] \ Hy— H) + hv
[20] - Af + Hy—e H + H +Ar .

. . . J
[217] < H + hv—= H* S , |
['2'2,] H* —= H + Lea

A 11

[23] h\;‘ﬂ-—bkﬂz

O

- - - ’
Application of steady state approximation yield the

following: jﬁ' ' - ‘

v
(1) Low Pressure

hence >‘[H5] = le[A;] [HZ] ‘
[25] IH; = lgl-g[H;] = k'}é[A;] [HZ]

i3
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*
2

fluorescence intensity vs. the concentration of H,

Equation [25]’predicts that a plot of the H

should give a straight line with a slope equal to
. _ ‘
Kyg LAr] . McNeely et al.(31) obtained a rate constant

kyg Of 1.26 x 10t%c mol st

for Ar(3Plj electronic
energy exchange using a time Yesolved quenching tech-
nique. In this work, Fig. 8 shows a straight line is
observed for partial pressures up to 12Pa of H2 for

the v"=3, v'=4 band. Similar behaviour was observed

for the other bands, however the scatter was much largen&‘q?

due to the low intensities observed.

d'[ﬁ*]

HE: [ % ERS 1 QI
and Ky, L] ==k, [f_] - L Ei*]
alal _ o ;[-Hzl;[gzl' T O [5’:]\“_: e Il = o
Tl (el e [at] )

A

§

Iﬂlwé = k,, [Hf] =4¥21“[H]' = kyp 2k20[A§][Hz]
. é .

Y ) Ko

I,* ;L -
[27] Hy = kala‘[ﬁr] [1,] =y e,
- T kp kg [AT] [Hy] 2 *p0%n



51
\

Equaﬁioq [27] indicates that if a plot is pade of
the fluorescence intensity nflgtive to that of atomic
hydrogen fluorescence (Lymans¢) agaiQSt-the presgu;e
of hydrogen, then a straight line should be observed

parallel to the abcissa. This indicates that

'1/K18kw = constant and that there is a constant pro-

i20]§21
portion of H atoms to H2 which is essentially invariant

for the pressure range studied. Tﬁié supports the
mechanism proposed for hydrogen atoﬁ production. Using
the data from Table 4 we Seenthat IH* remains approxi-
L . ¢ ‘ IL— o
mately constant over the eﬁi@se pressure range stﬁdied‘
as shown in Fig. 11 for the.(3,4) band.
AN

(ii) High Pressure

An addltlonal reaction must be con51dered for the

case of high pressure.

[24'\1 : 'Hz tH—-H, + M

In this case:

* - ’
afu,] _ . "F.%7 g -
gtz] = le[Ar] [H%] - Ky [HZ] ~ K, [Hz*] [n] =0

- -

[H;]= klar['{xr] [H ] | J
kig *524[ ]

kigkig [AII\H]

Kyg ¥ Ky, [H] y

| [28] I* = kg [a)]

j



FIG. 11. Plot of rescnant fluorescence intensity
relative to atomic hydrogen fluorescence
(Lyman-«) over a pressure range of
1 - 14000 Pa. The linear relationship
supports equation [27-]‘ ‘ IHE / IL—a= const.,
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For-'the low pressure ca-s-e kl9 h k24 and we woufd:)'
expect the ;nﬁensity of the resonance fluofescengpfto
increase with pressure as Fig. 8 indicates in the-low
pressure region. The fluorescence intensity starts
to decréase at a H2 partial pressure of = 20Pa. In
this region kg ky, [] and above this pressure the

dominant feature is k24 [M] where_equation:[29]_applies.

Hz 18719

— ' Kos [M]

f20] - I, * =.k k.o [AR] [u,]

In the experimeﬁts carried out thus far it is
difficult to determine'whichﬁspeqies is more important
in quenching (H2 or Ar) due to.a-lack of data. A
more.thorough procedure is rgﬁéired in order to accurate-
ly determine the queﬁchiné process.  In this experiment
quenching appears to.start at ab&ﬁt’a partial pressure
of hydrogen ©f about 50Pa and at a total pressure of
6 x 10°Pa. If we assume that.k19 = kQ[M]‘where_

kg = (H radiative lifetime)=1 = 1.67 x 1095—%,'and
M is the quenching gas, then inm the former case we have

a concentration of H, as n/v = 1.34 x 107> mol cc t

Ar/Hp _ ='
Q@ T kyy/ [u]

. . H ' ) -1 -
from which sz = k24/[M] = 1.25 x 1014 cc mol ls 1 For
the latter case using the total pressure k

9.61 x 101t ce mol—ls_l.

Fink et al. (40) studied electronic fluorescence,

quenching of HD and arrived at'a value ~of 7942

»
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15 1

(ng = 2.73-x 10> cc mol s_l) for self-quenching.

The reciprécal of equation [28] gives the ufggl

Stern-Volmer (50), (57) expression:

[30] 1, kg vy, [M]
\ £ Kig[Ar'] ki [Hy]

n

H]H

1, kpq ]
kg [A?]!ﬂzl K gkyg L22][H,]

A plot of [Hﬂ/If against [M] predicts ‘a straight .
. ‘ N '
line with s op% equal to k24/k18k.|_9 (ar] and intercept
* .
of l/k18 [Ar [Hz],;‘ The ratio of the slope to intercepﬁb

‘is:

ft

[31] . {slope/intercept}

B

~ ’
RN

Plots were made using data from Table 4

(PHZ Vs, -[MJ REL but resulted in large scatter and

gt 2 )
2

a geherally inconclusive relationship because of a

‘lack of data in the guenching region under study.:

d) “PRODUCTION OF HYDROGEN ATOMS ,

. Early experiments carried out in this laboratory -
indicated an enhancement of H production in Hz/Ar
mixtures under various conditions. Sensitized emission

’ . -
~from v=3,v"=3 occurs -at nearly the same wavelength ‘>

-



.snip between sensitized fluorescence and Lyman- .ot

N
as Lyman<a, i.e, at 121.5 nm. Becker et al (58) cite
the transition probability of fhe R(0) branch as

0.046 x 10% sec™ and that of the P(2) branch (121.9 nm)

-

as'0.125 b4 1633"4 which are proportioned to the 1nten51ty

of the obsefved branches. In this experiment the'

P(2) branch of the (3,3) band was always less lntense

than Lyman-« by at least 50%, and from the . transition -

C

_probabllltles it would. be expected that the R(O) would

be .= 30% less than the P(2) annch hence we would

T expect the contrlbutlon to Lyman-« by the R(0) branch

3
not to exceed =~ 15%

a

H atoms are prdduéed by feaction [20] of the mech-

"
5

anism given earliér.- Fig. 11 shows a constant relation-

<
By

fluorescencé, indicating suppert for the prdpg;ed_~—

mechanism.

From the mechanism, knowing tne intensity of the
Lymanfil radianaon'and the atomic concentration of -
hydrogen, we ceuld arrive at a value df k20 fog?dis—
sociation of H2 in COlllSlQn with Ar if we know he

[Ar] and the wall recomblnatlon rate constant k . In

this case a plot of [H] vs. [H ] glves a slope of

Koo [Ar] /k . ’}'.- C A _;.; L . PN

. ¢

&) DETERMINATION-OF H_ATOM CONCENTRATiONf‘- SO

- ':?

© Clyne and Stedman (59) ploneered a. study of the

s

reactlon of H atoms»thh N0C1°1n the gas phase. They

55
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found that the products wére-HGL and NO and\tha

stoichiometry of the rdaction was close to 1:
b o \—/ .

flow system w1th the walls pOlsoned with H3PO4

Reaction [32] was shown (5%) te be very fast

(k32 = 1.5 x 1072 cm3molecu1e—;secfl).-

[32] : " H + Nd&fl—-’-—_— HC1 + NO )
. . -

M. Dunn et al (60) re- 1nvestlgated reaction [32]
and found that 1: 1 stomchlometry is preserved only when
the walls of .the ‘reaction column are freshly poisoned
to'p£event the feépmbination of Chlorinelatoms.:

A gas phase titration was carried out using a

fairly new phosphoric acid'wa;l coating-in order to
determine an absolute value of [HJ gorfesponding to
the:approxi3§1e detector requﬁse observed in the fluores-
cence experiments; $he concentration range studied . e

-1z to 4 x 10 %m01s cc™t.  Extremely

was ffom 4 x 10
large scdtter was observed in_thé data takeén and a
continual decay of background radiation was noted (from
=~ 2000 counts per mipute at the beginning of the experi-
ment to ~500 counts per minute at -the conclusion of the
experiﬁenf?\

The experiment was repeated with a new columﬁ and "'

a fresh coating of "Siliclad" purchased from Clay Adams,

Parsippany, New Jersey, USA. Siliclad is a water soluble

.silicone concentrate of a semi-organic nature that-is

characterized by a high degree of stability. In previous

experiments we found that Siliclad hélped reduce the



# 57

heterogeneous recombination of Hydrogen atoms in a fast-

'

flow apparatus, ) .

Titrations wgre carried out again.over a concentra-

/ tion range from 1 %1071 o 9 x 10712 moles cc Tt

Considerable scatter was again-observed, however the

data. fell into more or less a sﬁféiéhtlline~
(soe Fig. 12) ‘Lyman—a' intensities were obtained by
suﬁ%racting the backgrouod observed at each measurement.
\4//j .From this plot a correlatlon of Lyman-a lnten51ty and
[H] atom concentratlon may be estimated.
A low resolution spectrum carrled out 1mmedlatel9ﬂ
after the [H ] atom calibration 1nd1cated an intensity

corresponding to a cofcentration of =1 x 10ll atoms/cc.

'

In order to obtain a value of k,, for dissociation

‘of H2, a series of experiments need to be undertaken

3

at various H2 concentratlons and the absolute value of
[H] determined for each run. Upon determlnatlon of
the wa l\;ecomblnatlon rate kw, and using equation [26])

. [ «
a Gﬁlue o) k20 Ar] could be obtalned

\\\;“\§ Previous results ‘such as those listed in Table 4.
couléhgot be used for a reliable estlmatlon of [H] due
to the constant decrease of Lyman— a fluorescence that
wa observed because of rapid oecay of LiF transmission.
'Flg 13 1llustrates a typlcal decay plot. The reason
foé the-decay has been attributed to.colour centre
formation of the LiF windows and atom recombination in

xthe ieactor.
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FIG.

1z2.

L
.
~

- o
Calibration curve used in
determination of Absolute
concentration-of atomic
Hydrogen.
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]

£f) HIGH RESOLUTICN SPECTRA

¢

A typiéal resolved resonance fluorescence rotation-
a; spécfrum ié shown in Fig. 10 for the (3,4) band. l
Generally in,all spectra observed,-rotational separation
was poor and line broadening effects.added:to the poor
resolution. In many cases the R(Q) k *=1), R(1) (J3'=2)
and the P (1) (J=0) and.R(2) (J=$0 could not be adéquately
separated (see Fig. 10). A further complication en-

countered was overlapping orders. Measurements were

mainly mége in the fourth order since this afforded the

-

Is . '
best resolutioi, intensity and reproducibility of the

Lyman baﬁdé. ‘A commonly oécuring problem 'was the over-
lapping of ﬁhe electronic transition frém upper wvibra-
tiohal bands in the third order (see Fig. 9). This was
particularly‘é problem for the (3,1) b;nd where intef—>
ference is observed from the third order-(3,8) band in
the region 111.2 to '112.4 nm,similarly the R(0) and
R(1l) branches of the (3,3) band overléps the_Lyman—h
line and the third order (3,11) interferéé from 122.5
to 122.8 nm. s
Table.SI;hows the observed and relative intensities

of the rotaéidﬁal lines for the (3,4) b;nd for a ranée
of pressures studied in a series of experiments.

- Despite the difficulties of unfesolved peaks and-
broadened lines, a general trend does eﬁerge. The l
normalized high resolution line intensities as shown in

Fig. 10 and listed in Table 5 indicate that the bulk

A



'~ Table 5. Observed and relative intensities

of Argon sensitized fluorescence of
Hydrogen for v'=3,v"=4 of the Lyman ~
band emissicn.Values listed correspond
to values for the (3,4) band under high
resolition for a rangg,of pressures.

Notes from Table:

{a)Observed arbitrary units,I

(b)Normalized to most intense line,IN
. (c)Ohserved in 4th order

(d)Unresolved J levels

{(e)3rd order interxference

60
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of the rotational population is distributed nearly

‘evenly for J'<{ 4 and that levels J' >4 are‘unpopulatea.

This effect correlates. well nith the enerqgy defect
diagrams (Fig. ‘14 and Figy 5) where the largest inten- _
sity comes-from the smallest energy defect

At higher pressures lower rotational levels are'more‘
populated, fle the population decreases with increasing
J' levels). At total pressures of over[TTﬁWkPa, the
rotational levels J'=0,1,2 are populated to a larget
extent than J'=3,4,5 and there is no indication of any
population of J'> 5 observed. |

For the case'of"pu}e”hyd‘/aen, similar fluorescence

ﬂspectra appear, however the intensity of the rotaticnal

-

1evels is shifted and-considerably lower than for the

H /Ar mlxtures as shown in the much lower 1ntensmty t
values for R(2) and P(4). 1In Hz/Ar mixtures, these
1etels are considerably more intense. ?he,pdpulation

seems to be predominantly in J'=0,1, for thls case

" (pure H, [Ar] {{ 10 ppm).~

Other workers (27), (28), (61) using discharges
have observed additionalenbancedprog{essions along ~with
the Lyman bands. These were:.,the v"({v'=0) progression
of~C1fI - X-%E:+ (Werner bands) system with individual
bands contalnlng two enhanced lines,R{0) and P(2) and

n I_ l l +
also the v"(v'=5) progression of the B E — X Zg

~system. These other bands are somewhiat’ weaker than the

Lyman bands (27) and were not observed in our system

The Werner bands are excited by the 104.8 nm Ar and we

3
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FiG. 13.
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Decay plot of Lyman-a« fluorescence
during an experiment. Dat is obtained

from Table 4.
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Resonance defects(a), aAv , of the B state
of Hydrogen and the 106.7 nm resonant
! 1 " .
state of Argqn._Bg, and xg" represent
the excited and ground state of H
respectively. v,J are the respective
vibrational and rotational quantum
numbers.S5olid lines indicate optically
allowed transitions,broken lines represent A
optically forbidden transitions.

"{a) From reference 25.
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FIG. 15. Energy defects (from Ref.33) for
electronic energy transfer from
Argon to Hydrogen,(cm l)
' Ar(106 7nm) + H, (v"=0,J") —- Ar + H {(v"=3,J') + AE

The observed tran51tlons are
indicated by ‘bold type.
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would not expect to observe these transitions.
Tne observed selective enhancemehts of the H;

bands can be explained by Kallman and London's theory

of resonance excitation (52). The transitions should
follow optical selection rules except that for rotation-
al angular momentum which will not be as rigid as for
the case of optical transitions (28). The resonance
defects Av of rotational levels in the B state deter-~

4

mipe~ - the efficiency of excitation and are located .
within éOO cm_l of the 3P1 étate of Ar shown in Fig. 14.
These resonance defécts (Fig. 14) are similar‘to
those shown in Kallman and London's article (51) but
corrected for rotational levels (62) and later revised
by Takezawa et a;. {(28) . Here B%, Bg, Blg have sméll

values in this defect; and the transitions with their

respective lower states, also shown in Fig. 14 and 15

are all opticélly allowed. Therefore, according to the
given theory, it is expected that lines originating on
these upper levels will be enhancedAi.e. selectively
excited by collisions of A; atoms in the 3P1 state with

the ground state of H2 (v=0, J"). Experimentally, this

was observed for the v'=3 cases, however for v'=10,

no eﬁission was observed. Also, as indicated in Fig. i4
the magnitude of this resonance defect for the B% level
(which shows enhancement) is nearly equivalent to that
cf the Blg' for which no enhanced lines were observed

in these experiments. One ofthe reasons for this is that

the initial level for the process leaﬁing to Blg musgt
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be X% while for the other (observed) cases, the ground

. 1 2 3
state 1s XO"XO' Xo

-~

and the pdpulation of H2 molecules in
1
level v =2, J'=1 is virtually zero at room temperature.

This is demonstrated by the emission observed for
1

the -(3,4) bénd. For the ground state, Xg, Av= 72 cm
a similar energy defect is given for the (10,0) band

with the Xi ground state. The (10,0) band occufg—at

141.3 nm (within ou;_éénsitiﬁity range althohgh low)
but no emiésion was observed.

It was found that the most intense emission was
observed for the transition§ with the sm;ilgst energy
defects, In.the v" (v'=3) transition, fluorescence was
observed to decrease as the energy 'defect for electronic
energy transfer increased. The energy defects are
shown in Fig. 14 and Fig. 15.

| The line widths in the-spectra observed are. impor-
tant sources of information about transitions in
collisions. Pufe,rotational lines depend mostly on the
total rate of inelastiec cqllisions. A few perceﬁt of
the pure rotat@ongl broadening arises from re-orientation
of the angular momentum, without changes in thé magni-
tude of the rotational angular momentum, through ampli-
tude modulation of tpe liné (63). Widths of the
rotation-vibration spectral lines are often broadened due
to vibrational phase shifts in collisions.

The line widths of rotatidnal spectra are dependent

on other factors such as the natural lifetime of the

states, Doppler broadening and collision broadening.

~
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Collision broadening is the dominant factor for rota-

tibnal lines at pressures greater than one micron (64).

The sensitivity of the detection system also
contributeslfo the Qeakness of the intensity obserxved
(see Fig. 6). - Similar observations may also be noted
for other weak bands.

Because of the fleterioration of reflectance of the
optics of the monochromator (deterioration of.MgF2 coating
on mirrors and grating resulting from'leaks that occured
in the system) the Ar resonance lipes could. not be ob-
served in the lamp discharge. The resoﬁaﬁce defects of
the 1evéls which produ;ed enhancéd lines are expected

to be within the widths of the Ar resonance lines, the
)a

uppér statgs of which cé%respond tO‘A; (106.7 and
104.8 nm). Enhancement is prodﬁced by éollisions of.
A; with H2 at the indicated lower levels shown in Fig. 14,
(33)) (40), (28), (27): The relative importance of these
two levels is difficult to determine, although owing
toc the behaviour of the Li F windows and subsequent
colour centre formation, it is probable that the
Ar(3Pl) resulting from absorption of the 106.6 Ar
resonance 1ipe is the domihant species.

Loss of transmission through the fluorescence cell
was a constant problem. Fig. 13, refe;red to previously,
shows a typical i—a deéay plot representing thése

transmission losses.,

Resonance emission quenching experiments are under-

¢
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taken in order to determine whethéE'quéhching is present

-

and to the extent of guenching thus iving.glues to the
mechanistic behaviour of the system and .a numerical
value for the quenching.

At higher pressures, there is evidence of quenching,
however more data is required to determine a precise
estimate of the eéffect of quenc ing.‘ - {

Mitchell and Zemanskj (50) \emphasize that a quench-
ing curve, by itself, without further details as to line
breadths, geometﬁzdéé the apparatus,‘§ide reactions .
(2H + wail), etc. can give no information of an. absolute
nature whatsoever, and indeed in some cases is not con-

S

vincing evidence that quenching takes place at all.

CONCLUSION

- /\/
In this experiment resonanég\excitation of H,

electronic state from the level pumpea. The spectrum

.
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2

range of pressures in order to thoroughly eluciaa e thisg
behaviocur and.obtain relative gquenching efficiencies of
the species used.

Energy fransfer experiments are very important and
critical . to our understanding of the interaction of
- energy with matter. Electronic energy méy be trans-
ferred from an optically excited rare gas atqmﬂté a
molecular species by collision and the effects monitored
by observagion of a fluorescence spectrum over a wide
range of pressures.

Fink, Wallach énd Moore (33) studied argon sensi-
tized fluorescence of H, and were able to obtain a
range of cross seétion; which were normalized to the
largest calculated ones of 45.5 32 for HDf(v'#3,J‘=2)

2 *
for BD (v'=5,

 excited by Ar (106.7 nm) and of 137 &
J'=2) for A;(104.8 nm) levél. The absolute magnitude
of tﬁese'cross—sections was' estimated by using long
range dipolar calculations utilizing first order time
dependent perﬁurbation theory and assuming a straight
line constant velocity trajectory. They found that
generally only one vibraticnal levellof the hydrogen
molecule is excited by each argon state which sharply
.contrasts many previous sensitized excitation experiﬁentg
where excitation was observed in most of the energeti-
cally accessible energy levels (27), (29), (48y, (61).
""This report confirms the resonant excitation process

that is observed for v'=3,v" Lyman bands and indicates

the relative population distrjbution of the rotational

-
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‘ levels of ground state H2- There is also evidence that

the mechanism concerned with the energy transfer does
indeed involve. H atoms with an efficiency.qf approxi-

.
mately 5% as important as production of H. .

2 Fink

et al.. (33) neglected the processes

. :
H, (X l.):.;, v=0) + Ar — H, (X IZ v") + Ar + AL

— H + H+ Ar + AE

which can compete with enerqy.transfer. L

In order to fully understand and sﬁbstantiate the
kinetics involved, extensiGeufurthef experimenta£ion
would be necessar&., In particular, a thorough
understanding of the par hat hydrogen atoms play in
this system, fequires a well defined reactor ‘wall sur-
facg.

Furthermore, iﬂ order to pggyenF L-~a decays in the
reactor, an all glass syst?h.would bé required yadequately

coated to prevept heteroge eous recombination of H atoms.
& it

Ideally, a windowless system would optimize measurement

"of Lyman- a- and ex01t1ng radiation and eliminate the

undesirable‘effecéb caused by colour centre formation

in lithium fluoride windows. This would-also increase
sensitivity and open a wide wavelength range'for which
to study sensitized fluoreécence. Unfortunately the
dlfflcultles end%untered in w1ndowless systems utlllzlng
dlfferentlal pumping and pressure requlrements over-

-

shadow this proposed technique. Realistically a new
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design incorporating easily replaceable LiF. windows
tould be devised..

In order to provide optimum coﬁditions for energy
transfer studies, two different experimental set-ups
would be.requi%ed.. One would resolvé the sensitized
fluoreséence light spectroscopically and another would
provide the necessary versatility to select a single
emission line from the lamﬁ to be used for excitation.

In observiné the fluorescence inﬁensity, the cell
must be long enough to permit absorption studies and
should also have the same aperture ratio of the ﬁono—
chromator. The latter design modification prevents the
absorption of exciting radiation by gas molecules ’
unable to emit in the solid angie subtended by the
ﬁonochromator-(40).

In order to obtain the necessary spectral purity,

Ultra High Purity Argon'gas is réquired for th& la
which should be operated at pressures no greaEFr-than
. s

7 x 1071

Pa, - (several oxgders of magnitude lowef“t_gn in
the present experimgnts). .The iow lamp pressure would
create a sharp exciting line necessary for critical
measureﬁents.

The present McPherson 0.3 -m monochromator-would
be excellent for resolving the exciting lines present
in the hrgon discharge to Be used for excitation, howefer
for sensitive vibrational énd rotational ﬁransfér
processes a l-m McPhérsoﬁ Model 225 scanning vacuum -
e

uv monochromator would be desirable whereas a 3 m

~
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normal-~incidence vacuum spectrograph equipped with a

'1200 line/mm grating as employéd by Tanaka et al, (38) s

4
4

o A Y J
would be ideal. Under these conditions further experi-

mentation would be desirable.

!
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APPENDIX A

MICROWAVE-EXCITED ARGON EMISSION CONTINUUM

The production of an intense continuum source in
. the vacuum ultraviolet from 105.0 -140.0-nm offers an
excellent technique for the possible studies of species
that absorb in this region. Interest in vacuum uv
absorption spectroscopy has stimulated research for the
development og emission continua of the nobel gases.
Of particular importance in the measurement of complicated
molecular absbrptiqn and ionization cross-section is
the developmgnt of intense, stable continuum background
\‘__”////r/f\\iight sources for photoelectric scanning with vacuum
moggchromato s. Under the proper conditions, all of
the fhpéfﬂ ses will emit continuous spectra with only
a few emissio linés which may be used as wavelength
standards. Both condensed and microwave discharges
cém be used for excitation of. such continua.
Research on condensed discharges in.rare gases has
been carried out by Tanaka et al. (65) and by Newburgh (66) .
Qlder reviews concerning studies carried out Avacuum
ultraviolet continuum sources have been carried out by
Huffman et al: (67). An excellent work on raré gas
continuum sources for the vaCuuﬁ ultraviolet using Xenon,
Krypton and Argon waé reviewed by Wilkinson.and Byram (68)
who elaborated upon the theory and production of;micro— ’
wave excited continua.. .

In this work, the continuum lamp was designed some-

what similarly‘%gﬁthat of Wilkinson et al. (68). Slight
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modifications were made in order to allow for the low
melting'temperature (725°C) of the Ba getter. and high

uv discharge power used.

ARGON CONTINUUM LAMP U

The Argon continuum lamp Fig. 16 was designed with the
incorporation of a quartz side arm and a quartz discharge
zone. The lamp was rinsed in aqbancentrated HF solution
followed by soaking for approximately 2 hours in a 10%
HF solution. . Anoﬁher rinsing with concentrated HF was
followed by repeated rinsings with distilled water for
at least 15 minutes. The lamp was placed in a
‘drying oven for approximately 2 hours at 120°C. After
the lamp was taken from the drying oven and allowed to
cool, Lepage'é Epoxy glue was used to fix a 1 mm thick
LiF (Harshaw Mfg.) WindOW\tO the lamp. -Approximately
4 granules of getter (Barium 99.5%) obtained from
Ventron—Alpha Broducts, Beverly, Mass., USA were placed
in the side arm. The lamp was p051tloned intc the
apparatus and connected to the argon line by glass
blowing using a pogitive pressure of Ar. Heating tape
was wrapped around the lamp‘and allowed to heat up to
aéproximately 400°c for six hours while being'pumped on.
A small flow ofﬁargon was allowed to pass through the
lamp while heating and pumping. The lamp was then lef?
undér vacuum for a day and the preséure monitored

in order to be sure that no leaks were present. Heating
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FI1G. 16. Schematic diagram of Argon continuum
lamp used for prgduction of Argon

continuum.
G .
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(4SOQC) was again applied and ultrapure argon (}mpurity
.-level {5 ppm) was allowed to flow thrghgh the lamp
for approximately six hours. The heating element was
turned off and the lamp was allowed to-csol slowly.
Similarly a mo}ecular sieve arrangement which was used
 to further purify the Ar was degassed at ~35060 and
allowed to cool slowly. The Ba getter in the side arm
was then carefully fired in the side arm until all the
Ba was vapourized and deposited along the walls of the
side arm lamp. Ultrapure Argon (Gas Dynaézésj was’%hen
added to £he lamp through the molecular sieve trap at
-178°K. The lamp.was then isolated when the pressure
in the Ar flow line stabilized to 2.7 x 104Pa and the lamp
was then carefully sealedoff. Spectra of the Ar
-continuum were taken while an additional discharge was
activated at the side arm of the lamp. The discharging
at the side arm was continued until a maximum value of
the continuum intensity was achieved.

In previéus lamp designs, the main problem epcoﬁn;
tered was cracking of the side arm. This was due to
the differences in the - coefficients of expansion of
pyrex and Ba as a resul£ of fusion of the getter into
.the walls of the pyrex side arm after heating. (The
melting point of Barium is 725°C (7) and the softening
point of borosilicate glass (Kimax aﬁd Pyrex) is
approximately 820°¢ (69). This caused the Ba to fuse
to the glass and upon'cooling‘the side arm usually

.cracked due to thermal stress.



77

Fig. 17 shows the intensity distribution in the
eontinuous emission spectrum of Argon excited by micro-
wave discharge (17 w). Carefui measurements of the
emission intensity of the Argon continuum as a function . —p?
of pressure (68) revealed that the intensity of the
long wavelength max1mum 1ncreased approxrmately logarlth-
mlcally with pressure in the range from 1.33 x 104 Pa t0~
5.67 x lO Pa. However, the contrary was true in the
short wavelength region where the 1nten51ty decreased .
with pressure rather rapidly up to 5.33 x 104 Pa before
leveling off, The optimum pressure'was found to be
approximately 2.67 x lO4 Pa.

Another factor affecting the intensity of the
eontlnuum source is the presence of 1mpur1t1es. Ordi-
nary atmospheric and chemically actlve gases (nltrogen,
carbon dioxide, hydrogen, oxygen, carbon monoxide,
and water vapour) all borrow intensity from the continuum
and manifest themselves as atomic lines over the
wavelength region of interest. These gases are absorbed
by the getter as physisorption or.chemisorption (70)
which, in most caees, can be considered irreversible
unless the condensed getter surface is reheated to a N
temperature much hlgher than would normally be encoun—
tered or is bombarded By electrons.

The pressure in the lamp at the time of flashing
the getter will determlne the appearance ang condition

of the condensed deposit. Very slow héatinngf the

getter results in absorption of most of the residual



FIG. 17. Argon continuum with impurity resonance

lines; Microwave discharge:50W,
Slit width: 21 microns.
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impurity gas in the tube before much condensation which,

under these conditions presents a bright mirror appear-

- .

——

arice. However, if the temperature of the getter is
raised very rapidly, condensation occurs before the
getter aétiﬁn can opefate completely, and-this results
in a discoloured mirror appearance. In all cases using
Ar in‘the lamp, flashing of the getter produces a.
black aéposit in the region exposed to heating which is
not contaminated but porous and light absorbing.

Fig. 18 illustrates the effegts of N impurity and
the change in intensity upon elimination of nitrogen
by the Ba getter. It was found that continuous dis-
charging.of the side arm containing getter helped
éliminate atomic nitrogen peaks and increagid the maxi-

mum intensity'of the Argon continuum by abolit 75%.

ABSORPTION MEASUREMENTS

The lowest lying stable excited state of Hydrogen
is B JE::- Strong absorptioﬁ occurs from 112.5 nm and
continues to longer wavelengths. (68). The rota£ional
structu}e may nearly be completely resolved due,to the
small moment of inertia (largela’), even with a 1 m.
monochromator (68).

Attempts were made at observ;pg the absorptfon
' spectrum H;(B~——x) in the pressureﬂrange_of 133 to
6.65 x 104 Pa total pressure of various H2/Ar mixtures

and in pure H2' The sensitized resonance fluorescence

L



80

FIG. 18. Effect of microwave discharge at the

sidearm containing Ba getter on the
-intensity distribution of the Argon
» eontinuum (——m—— ),

(a)Continuum showing nitrogen impuirity
lines.

(b)Effect observed after continuous

discharge of Ba getter for 2
hours («memiimcm—m ),

¥
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technique was used to excite hydrogen into the
B 2: state and contlnuous scaw? ( 0.1 nm min~t to
2 nm min_ ) were taken over the pressure ranges studied.

No absorption of H2 was observed under these condltlons

[N

A
e
1
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APPENDIX B

DETECTING SYSTEM CALIBRATION

N

Many tedhniques have been developed for intensity
measurements and calibration of optical systems-for
different regions of the électromagnetic spectrum. To
détérmine‘abéglute'inténsities, a detector with a
known absolute response must be used. The detector
must be an "absolute detector" or one which can be
;alibraféd again§t a standafd source of known intensity.

.. Megéurements in the visible and infrared regions

are usually straightferward and require only a comparison
of thé radiation from the unkhown source to that emitted
from a standard lamp. These technfques are useful to -~
about a lower limit of 300 nm. At this limit and in
lower regions, great &are is necessary due to low
intensity cutputs of standard lamps .such_as the gquartz
iggine standard lamp whiqh is commonly used in the ultra-
vibiet. In the region frém 100 to 300 nm, the calibra-
tion of an optical system was, until recently, extremely

difficult, -mainly due to lack of primary standards.

Excellent reviews have been publisheﬁ on absolute and

-relative 1nten51ty measurements i¥ the vacuum ultra- \

violet by Samson (71) and Shreidexr (72) and re%ggﬁnce
should be made to these sources for specific dd¢tails.
A thermocouple may be used as a primary standard

since its response in microvolts is independent of wave-

]

/.
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length over a wide range (soft Xrays to I.R.),but it
must be calibrated against a standard soﬁrce. Other types
of.absolute'detectofs include, rare gas photoionizgtion
detectors, ion chambers of various designs, photon cqQunters
and a Golay Cell (eSsen;ially.a gas thermome?gr consisting
of a mixror and flexible membrane) . 7
Line rétios can be used to determine abgolute
intensities if the transition probabilities of two lines
with a common upper level afe known, as well as the
inteﬁsity of one of the lines. The intensity of the
unknown iine can then be determined. This technique
requires an optically thin source, accurately known
transition probabiiities, known spectral emission ffoml
a standard lamp, and known population distribution among
any unresolved fine structure sub levels of the.upper level.
The most commonly'used technique iﬁ intensity

calibrations has been the atomic branching ratio-

technique. This method has the disadvantage of giving

only a few scattered calibration points over a wide wave-

length range and also requires two optical systems:
one to calibrate the long wavelength atomic line intensity
(usually He 501.5 nm) and the other for use in the vacuum

ultraviolet (usually 58.4 nm). In this method, two mono-

- chromators are used, with the exit slit of the first

becoming the entrance slit of the second. The outplt

of the first monochromator is measured by some non-

selectlve energy—sen51t1ve devicde\such as a thermocouple

or bolometer andrthls becomes a ca. atgg light source
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for the second monochromator.

MOLECULAR BRANCHING RATIO METHOD

A much simplified‘technique has been suggested by,
J. W. McConkey:(SG). He proposed that the atomic-
Eranching ratic technique be éxtended by using molecular.
rather than atomic emissions originating at the same
upper staté and by making use of the corresponding
molecular transitiqn probabilities or Franck-Condon
factors. This provides a relative intensity calibration
~over the wavelength range that molecular emission is
observed. He obtained reascnably good areement for the
relative quantum efficiency 6£ the detecting equipment
‘(300 - 450 nm) usingfthe intenéity of second positive
bands of Nitrogen N2(C3{Iu - B3H g) compared to the
spectral response obtained using a NBS stanaard Quartz—-
iodine lamp. This.method waslalso carried out independ-
ently by Aarfs and deHeer {73) using the CO(A 1H - X 1o+ )
fourth positi&é group from 158 to 260 nm. . They suggested
that by using a mercury standard, an absolute scale
could be introduced achieving an accuracy of approxi-

’

mately 10%.

Recently Mumma and Zipf {(74) excited the Lyman-Berge-

Hopfield system of Nz(d lﬂ g~ X 122;) and the CO fourth.

© positive system (A lH - X 12'+) by low ehergy electron
impact (100 eV). The emission bands of these molecular

systems are spread uniformly over the wavelength region
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]
from 115 - 250 nm, and the absolute transition pro-
babilities (75} for both these systems are known, thus

making relative measurements of the intensity of these
4

. bands a convenient technique for calibrating vacuum

ultraviolet detecting apparatus.

These relative intensity measurements can be placed
on an absolute basis by directly cémparing the band
intensities to the intensity of the hydrogen Lyman-a
line (121.56 nm) and the O(I) resonance triplet
(130.2, 130.4, 130.6 nm)} produced by dissociative excita-
tion (76), (77) of hydrogen and oxygen, and also to a
standard lamp (74) at wavelengths greater than 150 nm.
Under these conditions Mumma and Ziéf claim that the

sensitivity of a monochromator could be determined over

~this waveleangth range with an absolute accuracy of £10%.

CALIBRATION OF THE DETECTION SYSTEM USED IN THIS WORK

JThe Branchingratio Method was wéll suited for
calibration of the detection gystem used iﬂ this work.
Fluorescence of the Lyman system v'=3, v" (B > :-——x ls:
provided a well defined band‘progresgion in the wave-
length range from approximately.los.é nm to 165.0 nm
and the corresﬁonding Einstein transition probabilities
have been calculated by Allison and Dalgarno (55), (56).

The emitted intensity (56) of an emission band is

given by:

3
[33] I = CNV.EV.VH R g ,..» {(photons/sec)
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where C is a constant, Nv, is the popélatidn of the
upper vibrational level v', v" is t@; lower vibrational

level, E s is the energy difference betweéh'v' and

v'v
v", R, 1§ the average value of the electronic transition
moment: , and Dyt yn is the Franck-Condon Factor. ie may

be regarded as effectively constant even though it varies
slowly within a given band system.

The transition proﬁability (78), Av'v“ is given by:

¥

. .
[34] & .u=f6247").3 g2 -1
Vv ("Tﬁr)nv‘v“ Re Qyryn (s ™)

By combining equation [33] and [34] , the volume

emission rate may be given as

-3 -1
N 35] T, agnitee NoB agn (photons cm ~ s )

The intensity ratio of two lines or bands originating
from the same upper level relates to the ratio of their

corresponding Einstein transition probabilities

[36] _ I(v'v")1 = (Av'v“)l
I(V'V")z (XV'V")

L

The lifetime of the vibrational level, v' is L
& .
-1
where Tyt = (Av.) and‘



-87
[37] . bl. .=\AV. =

T
v

A

V" vlvll

Individual Ajrgn values are obtained from A by
use of measured wvibraticnal band emission intensities,

I » {guanta per second) as in.[361 . . ;

v'v
If the emission is incident on a detecting optical

~ <

system (windows + monochromator + detector) having a
spectral sensitivity of k(A ), then the measured
detector response (counts/sec) for a band (v',v") at
wavelength A is given by
[38] S{A) = Gk A iyn) I,
The value G corresponds to a geometrical function
involving the so;id angle of the optical System, lamp
and window characteristics, monochromator slit settings,
etc. In determination of relative spectral response,
G is kept c;nstant for observations of a given band
system and its effect is thus cancelled.
Comparison of two different bands having wavelengths

of 7\1, énd }\2 gives :

[39] S( ll) _ k(‘AV'V")l (IV'V")l
S( Az) k(}\vlv:‘l)z (IV|V"_)_2

The relative intensities of emission lines S(x 1)

s(?~25
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of a particular band is used to calculate the relative

sensitivity A V'v")l of the particular band system.
Ayrynia : )
The sensitivity of the strongest line S( AZ) is norma—

lized to 1.
Rearranging equation [39] and substitution into

equation [36] » the following expression is obtained:

v V"

k(B- ] '")'l S( A t u) A( ' n)
N AL S viv"']l v'v"’2
[40] E(XV'V“IZ - {S(kvlvn?z} x' {A( ] )l}

Thus the relative spectral response, k{ kv‘v")l "
Nv'v" 2

of the optical system{ can{ be determined for a given v"

progression, 1ndepende t" of the way in which the various

v' are populated,

Recently single fotational levels in . the H;
B-state (v'=3, J'=1) have been excited by Becker et al.
(58} by using monochromatic excitation of H2 by the
106.6 nm Argon resonance line. The emitted (B-X)
radiation consisted of one P-branch line and one

branch line for each transition (3, v'). Using "ab
initio" calculations of the tranSition probabilities (55)
and line intensities, Becker et al. showed that a
calibration curve established using the Ly;an lines was
in good agreement with similarrmeasurements (132.5 -

180.0 nm) on the N (a lIIg - X l ) Lyman-Birge-

-

Hopfield band system in the range of overlap (132.5 -
165.0 nm).
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In this work a calibration curve of the relative -
sensitivity was established from 106.0 nm to 165.0 nm
using the Lyman band system. ﬁesults were analyzed using
the most intense band (v'=3, v"=4) which was normalized
to_l. Using band heights of an unresolved rotational
spectrum (see Fié. 10) and band ﬁransition progabilities
(see Table 6}, a relative intensity plot such as that

shown in Fig. 6 was obtained. Similar results were
‘obtalned usxng photon counts 1ntegrated over one mlnute.
In thlS case either the R{0) (see Table 7(a)) or P(2)
branch (see Table 7(b}) of a band was counted and
normalized to the respective transition of the vi=3,v'"=4
band. The relative intensity is plotted in Fig.‘6._

Similar calculations were carried out using data
from twenty six spectra tak?h under a Varlety of
‘conditions. The results shown in Flg. 6 are typical.
The average'scattex obtained Qaslabout 25% which is
similar in magnltude to that obtained by other workers.
This scatter is largely attributed to lncomplete reso-

~

lution.
The overall distribution of the relative sensitivity

is cqnsistent for individual measurements and conforms

to the limifs of sensitivity imposed by the LiF window

material and the Channel Electron Multiplier sensitivity

N

{see Fig. 5),
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Table 6. Intensity calibraticn of relative
sensitivity of the detecting system
using lst order low resclution Lyman
Bands.Slit widths 500 pu ; Total pressure
1.67 x 104 Ppa; Lamp pressure 8.26 x 102 Pa;
Hydrogen partial pressure 1.63 x Pa; _
Spectrum was taken in first order from 110=
165 nm at a scan rate of 0.1 nm/gin.

&

Notes from Table:

(a)Values taken from Ref.55.
(b)Wavelength was recorded at centre of
observed band.
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Table 7. Intensity calibration of relative
sensitivity of the detecting system
using high resolution Lyman bands.

* 8lit widths 1504 ; Total pressure
9.25 x 102 Pa; Hydrogen partial pressure
'2.29 x 102 Pa; Lamp pressure 3.54 x 102;
Counting rates taken in 4th order.

o«

(a)Signals normalized to R(C) branch of
(3,4) transition. _

(b)Normalized to P{2) branch of (3,4)
transition.

Notes from Table:

(a)Valuess taken from Ref.58.

¥
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