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PART I: Infrared Chemiluminescence from Oxygen

Atom Attack on Fuel Species.

R H.Kummler and B R Fisher




INTRODUCTION

The energy released in an exothermic chemical reaction can
take several forms depending on the reaction path. The chemical
energy of the reactants can be converted into translational
energy of the products or it can be converted into internal
energy of the products or some combination of both. The
internal energy can be distributed among the electronic,
vibrational, or rotational modes of the product molecule or
molecules. If the product is elevated to a quantum state which
has an optically allowed transition to a lower state, then the
resulting light emitted permits the study of the reaction path
leading to the internal energy. The observation of radiation
associated with this non-equilibrium process thus provides
information regarding the fundamental chemical kinetics of
the reaction (e.g., Charters and Polanyi (1960); Polanyi, 1966:
Pacey and Polanyi, 1971; tushafar, et al, 1971). It also
provides the opportunity to assess the presence of one or both

of the reactant partners in an unknown mixture of reactant gases.

This capability is of considerable interest in the air pollution
monitoring field and is applicable to both local and remote monitoring
of exhaust gases (of rockets as well as automobiles) in the presence
of an oxygen atom enviroment. In the spectral region of wave-

lengths from lp to roughly 20 or 30rg the emitted light generally

characterizes vibrational transitions which can result when the

exothermic reaction produces a new bond in a heteronuclear molecule.




In previous work (Krieger, Malki, and Kummler, 1972; Malki, 1972;
Krieger and Kummler, 1973) we have investigated the light emitted by
reactions which might be expected to occur under conditions appropriate
to hydrocarbon combustion in the upper atmosphere. First, we
identified the potential radiatiors on the basis of the known ground
state chemistry and energetics. Second, we identified the visible 9
and near infrared (7000-9000A) emission which illustrated the
presence of both electronically and highly vibrationally excited OH
early in the reactor time scale. Third, we estimated the quantum
yield for the emission of photons at 2.7y (Kummler, Fisher, and

Malki, 1973) using non-dispersive techniques for 0+C While

2H4.
the indirect evidence appeared to strongly support OH as the radiating
species in all of the prcvious work, we had not been able to obtain the
direct spectral evidence needed to positively identify the radiator.
In this work, we have concentrated on providing the spectroscopic

measurements necessary to achieve the identification for a variety

of potentially important systems:

(1) O+C.H (6) O+C.H
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(2) 0+C,H, (7)) 0+C,H,
(3) H+NO, (8) 0+CgH,
(4) O+HCHO (9) OH+CO
(5) H+H02 (10) 0H+C2H4




EXPERIMENTAL PROCEDURE

All experiments were conducted at roughly 1 Torr total
pressure using a discharge flow system shown schematically in

Figure (1). This system is very similar to that previously

decribed by Krieger, Malki and Kummler (1972) and by Malki (1972).

For convenience we will repeat that description as follows.

The flow tube reactor is a 4 ft. long stainless-steel tube
with a 1 inch I.D. teflon tube liner which aids in preventing
wall recombination of some atomic species. It is provided with
six ports for radial viewing through quartz windows (Muffaletto
Optical Company, Baltimore, Md.) Two additional ports were used
for measuring the absolute pressure and the drop in pressire across
the reactor. Linear average velocities up to 80m/sec(with 70 m/sec
being a typical velocity) were achieved when the pressure in the
reactor was about 1 torr using a Heraeus Englehard (E-225, 147 cfm)
mechanical pump and Roots Blower.

A Baratron (MKS type 77) capacitance manometer with a three Torr
head was employed to monitor the reactor pressure to better than 0.1lu
accuracy. An alphatron (type 520) and a transducer (Viatran model
304, 0 - 15 psia) were the pressure sensing devices used to monitor
ballast tank pressures. Their respective locations and functions in
the system are illustrated (as well as other equipment) in Table (1).

The detectors used for this work are the PbS detector (Santa
Barbara Research ITO type) in conjunction with a phase sensitive lock-in
amplifier (PAR HR-8) for IR detection, and the photomultiplier detector

(RCA C31025C) in conjunction with an electrometer (Keithley602) for

detection of visible emission.




T

Figure 1. Schematic of Flow System. M is a mount for the PbS

detector (P), supplied by a high voltage power supply (Hi), E

is the PAR HR8 phase sensitive lock in amplifier, and R is the

recording system.
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In order to get absolute emission values, the system had to

be calibrated using the reaction (Fontijn et al, 1964)
NO + 0 » NO2 + hv (2.7y)

The actinometric standard of Fontijn, et al was extended into the
2.7u region using the data of Kaufman (1973).

The oxygen atoms were generated by passing oxygen (Cryogenic
sales 99.6%) pure or diluted in H¢ (Cryogenic sales 99%) through
an Evansen type cavity discharge powered by a 2450 MHz Raytheon
PGM 10X2 diathermy unit.

The oxygen atoms were passed into the flow tube reactor through
a closed end teflon tube with a radially multi-perforated exit
stream. This permitted thorough mixing and a plug flow pattern at
the point of nixing due to the turbulence caused by introducing the
gas through a "showerhead" gas inlet. The plug on the end of the
teflon piece served also to prevent the discharge region radiation
from reaching the observation ports through scattering. The oxygen
atom concentrations were measured by using the NO2 titration
technique (Kaufman 196¢ E

A steady state flow of the gas typical of the experiment (02 or
02 + He or H2 + He) was obtained. Then the microwave generator was
turned on. Argon or Helium is usually used to keep the free atoms
and radicals at low combinations ,» thus preventing recombination.
It helps stabilize the discharge and it also served to keep the pressure

in the reactor constant allowing a reasonably constant linear velocity

upon adding the ground state gas.




Helium contributes most of the pressure in the reactor
(vi torr) while the ground state stream (NO, NOZ’ C2H4, etc.) and
the O2 or HZ are relatively small fractions of the total pressure.

The phase angle on the lock-in amplifier changed as one
moved the PbS detector downstream and as the pressure changed in
the flow tube. This had to be checked for all experimental data
points. The reference to the PAR was taken from the pulse generator
of the PGM 10X2. The pulse rate of the discharge was adjusted so
that a single pulse of atoms traveled down the flow tube. This
typically required repetition rates of 34 Hz to 100 Hz. The duty
cycle for most measurements was 50%.

A pressure base line and a zero intensity base line were recorded
on a two channel Honeywell electrcnic 194 recorder. As the ground
state gas was added to the reactor, the intensity of the light emitted
from the excited species was recorded with the corresponding preset
scale on the lock-in amplifier. Utilization of the capillary flow
meter permitted direct measurements of the intensity vs. upstream
pressure at the capillary using the PAR, the Viatran pressure trans-
ducer and a Honeywell Model (56)) XY recrcrsder.

A run that involved the reaction NO + O - O2 + hv accompanied
every set of data to put th~ lock-in amplifier readings on an
absolute basis. A titration for oxygen atoms was also Jone as a
part of the system calibration. The PbS detector with the PAR HR8

was used to monitor the intensity peak of tlie reaction NO. + O - NO

74
+ 02 as a function of NO2 concentration.




THE MECHANISMS

A. 0+ C2H4 and O + HCHO

The mechanism for oxygen atom attack on ethylene is well
established in terms of ground state chemistry and Malki (1972)
has investigated the emission at 2.7u in considerable detail.

The reaction of oxygen atoms with ethylene has been phenomeno-
logically found to produce infrared radiation, at least partly
in the 2.7y region (Malki, 1972). The major effort of this work is
devoted to the qualitative explanation of that radiation in terms
of detailed spectra on which to base molecular mechanisms. The
general ground state system of intermediates resulting from the
combination of O and C2H4 is well established primarily from the
discharge-flow-tube-time-of—flight mass spectrometric study of Niki

et al (1969) and the direct observation of the products CH, and CHO

3
in the high intensity crossed beam experiment of Kanofsky et al (1972).
These two studies along with the similar flow tube mass spectrometric
work of Herron and Penzhorn (1969) have established that the primary
elementary step (90%) in the reaction mechanism is

0 + C2H4-vCH3
The eventual spapje products formed by secondary reactions include

+ CHO (1)

HZCO, Co, HZ’ 02, and H. Consideration of the temporal behavior
of these products as well as isotopic experiments led Niki, et al

(1969) to postulate that the following reactions occur:

CH; + O +HCHO + H (2)
CHO + 0+CO + OH (4)
HCHO + 0 +CHO + OH (17)

10




CHO + 0+ CO, *+ H (5)

OH + O-*O2 + H (6)

CHO + H'*HZ

Water was not observed to be a product of this system by Niki

+ CO (7)

but his system employed very small concentrations of CZH4 with

O in excess, so that the OH concentration and hence the rate of the
reaction:

OH + OH-*HZO + 0 (11)
were both small. In a more general case, HZO might be a significant
product, and it could be a significant radiator as well.

Both OH and HZO are produced by exothermic reactions in the
above sequence under conditions where each is the new bond formed
by a neutral rearrangement reaction. Under conditions such as this,
it is well established that a significant fraction of the exothermicity
of the reaction can appear as vibrationai energy in the new bond
(Smith (1972); Pacey and Polanyi (1971); McGrath and Norrich (1957);
Parker and Pimentel (1969); Jonathan, et al (1971); Stair and
Kennealy (1967); Hushfar, et al (1971) and many others).
The Basic mechanism is illustrated in Figure 2 and detailed

in Table II.
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TABLE IT (from Malki, 1972)

Rate
) Constgnt, k cal
Reaction 300K Reference AHr §E3T€
1. C,H, + O*CH; + CHO 8.42712 Davis, et al  -42.45
(1972)
2. CHy + O+HCHO + H £6 4L Niki, et al -66.54
(1969)
3. HCHO + O+ CHO + OHt Calculated
4. CHO + 0~ OH 1.0712 Niki, est. -73.09
CHO + 0+CO, + H 3.0°13 Niki, est. -98.05
6. OH+ 0+0, +H 5.0 11 Kaufman (1964)  -16.79
7. CHO + H+CO + H, 4.0712 Niki, et al -75.62
(1969)
8. 0H+(v_l)*0H +hv 3.3 Potter, et al
(1971)
9. CHO + 0,+CO + HO, 2x10°13 -18.88
10. OHf+ 0 %0, + H 5.0 11 Kaufman (1964)
11. OH + OH+H,0 + O 2.5 12 Dixon-Lewis et -16.95
al (1966)
12. OH + OH+H,0f + 0 2,578 Estimate
13. CH  + 0, + M+CHL O, + M 30" Heicklen
14. H+ 0y + M+ HO, + M 3.0 32 Kaufman (1964) -47.4
15. H,0f + M+ H,0 + N 1.0712 Estimate
16, H0 +H,0 + hv 30 Penner (1959)
17. HCHO + O +CHO + OH 1.6°13 Niki, et sl 24.77
(1969) |
18. CHO + 0+ CO + OHf Calculated
19. OH + HCHO+ H,0f+ CHO 1.4712 Estimate
20, OH + Hy+H,0 + H 64738 Greiner (1967}  -119.234

13




21'

22.
23.
24.
25.
26.

27.
28.

29.
30.
31.
32.
33.
34.
35,

36.
37.

38.
39.
40'

41.
42.
43.
44.
45.
46.

OH + HO,+H,0 + O

2 2 2

HO2 + O+OH + 02

H + HO,~ OH{ + OH
OH + HO,  H,0 4+ 0,

C,H, + 0+ CH, + CHOt

CHO4+ + 0+ CO + OH4

H+ HO+ OH + OH
0 + HO,~OH + 0,

CO + OH+CO, + H
1
OHif + 0, 0, (b E,) OH

]

Cif + H+H, + 0

0, (b £) + 0,40, + 0

A 2 2
02 (b™ ) + o-.o2
02 (b1 L) + H-vo2 + H
H+Ham+H2+Cm

2
+ 0

CHOt + 0, +CO + HO
0+1/2 0,

2

H+1/2 Hz
OH¢ -+ OH
H20++H20
CHO¢ + CHO
1 3
02 (b zg)-vdz (X°F)
Dummy
OH + + M+OH + M
OH 4 + H, = HZO + H

Czll‘ + OH-’CH:! + HCHO

1.0°11

1.0711

1.0712

L.o°12
5.2x10° 14

1.0°11

1.0 H
1.0712
1.5713

3x10°14

1x1.0°12
0
2x10°13

2x10°13

1x10°13

1x10°11
137

137
137

137

137

137
1.5x10 14
1x10°14
1.8x10° 12

14

Kaufman (1964) -71.87

Lloyd (1970) -54.,2
Crutzen (1971) -38.4
Estimate
Estimate

Estimate
Estimate

Estimates
Wilson (1972)
Potter, et al
Estimate
Estimate
Estimate
Estimate

Westenburg and
Dehaas (1972)
Estimate

Estimote, wall
deactivation
Estimate

Estimate
Estimate
Estimate

Jstimate

Estimate
Estimate

Morris § Niki (1971)




In the general case, as in Figure 2, both the OH fundamental and the

HZO Vg band could be expected to contribute to emission near 2.7u.
In order to simplify the initial kinetic system, Malki (1972)

decided to work at small CZH4 concentration in order to minimize

the HZO production. In addition, the O, concentration was

2

minimized in order to avoid the reactions

H + 02 + M-»HC2 + M (14)

O + HO, + OHt + O, (29)

H + Hoz+ou+ + OH (24)

OH + HO, ~H,0t + 0, (25)
The minimization of the C2H4 also prevented significant contributions
from

OH + C,H, + products (47)

OH + H2->H20+ + B,

as well as minimizimg tie contribution of
OHt + C2H4->products (48)
OHf + HC - fragment products
to the OH loss. Under such circumstances, the major OH loss
process will be via

OH$ + 0+0, *+ H, (10)

2
which is extremely fast, even for the ground state OH molecule.

In fact, reaction with O as a homogeneous loss process is so
rapid that OH +deactivation on the wall, which would be diffusion

controlled even if every wall collision were effective in de-

activation, can be neglected. In the present work the entire

range of stoichiometric possibilities were covered in order to

test all of the above hypothesis.

15




B. H + NO,

The reaction products for this system have been established
by Kaufman to be NO + OH. Energetically, only two quanta of
vibration can be given to OH in the creation of that new bond.
Kaufmen accounted for nearly all of the product in the ground
vibrational <tate through absorption spectroscopy. We had
previously investigated this reaction via emission spectroscopy
and agreed that the quantum yield for vibrationally excited
OH was very small. A complicating factor is the reaction

OH + OH-’HZO + 0,
in which the product HZO could also radiate in the 2.7u region.
Hence, radiometric measurements alone at 2.7y could not distingnish
between OH and HZO cmission, although kinetic considerations would

favor OH. The rate constant for

H + NOZ"NO + OH

is 4.9 x 10711 cc/sec at 300°K, whereas the rate constant for

OH + OH"HZO + 0

is 2.5 x 10712 cc/sec.




C. 0+ CZHZ

The product of oxygen atom attack on acetylene has been

established by Kanofsky, et al (1972) and by Jcnes and Bayes (1972)

to be
o+ C2H2->CH2CO 25%
CH2 + CO 15 - 45% | 75%
HCCO + H 30 - 60%
CZO + H2 .3%

with HCCO being rapidly consumed by O atoms to give

HCCO + O+ H +2CO
Thus, CO is a major species formed by very exothermic reactions
so that highly vibrationally excited CO is expected from his

system, but little or no OH or HZO is expected.

D. H+ HOZ

The reaction

H + HO., » 20Ht

2
has been studied by Charters and Pnlanyi, (1960). Those authors

concluded that this very rapid reaction produces vibrationally

excited OHt




INFRARED SPECTOSCOPY: RESULTS AND DISCUSSION

In order to establish the mechanisn for O atom attack on
reactive hydrocarbons and thereby quantify and inteipret filter-
kinetic data, in both the visible and infrared, we have taken
extensive spectral measurements in the 1-3u region, using a
Jarrel Ash quarter meter monochrometer and an ITO Pbs detector.
The total pressure for these measurements was about 1000 - 1200u.

The wavelength calibration for this region was achieved
using the CO first overtone generated by the reaction of 0 + CZHZ
illustrated in Figure 3. For most of the spectra, the resolution
was better than 0.03, so that the location of the maxima between
2.33 and 2.61 provides an excellent calibration.

For the oxygen atom attack on ethylene, three prominent features
are observed. The first is near 1.4 - 1.5y which could be HZO’ OH
first overtone, or CO second overtone. The second feature
appears near 2.3 which could be the CO first overtone observed
in Figure 3 for the 0 + C.H Ssystem. The third feature occurs

2°2

near 2.7y and could be either the HZO v3 band or the OH fundamental.

Precise identification of the emitting species from the spectra alone

is difficult because of several reasons. First the system ‘is highly non-

equilibrium in nature with the vibrational temperature of the
emitting species far exceeding the rotational and kinetic
temperatures. Thus equilibrium spectra cannot be used for easy
comparison. Second, the overlapping of spectra from two or more
species which is certainly expected in the case of OH and HZO
does not permit unique identification of band shapes. Third,

18




Figure 3. The first overtone of CO generated by reaction of O atoms
with C2H2 in a fuel rich system at 1 torr total pressure using a

Jarrel Ash quarter meter monochronator with 1000u slits.

1000u SLITS, 100uv F.§., t=3, 2/5 RPM MOTOR, 2 MIN/IN, 71u C2 2

l6u O, 808u He, 200u O2 lst WINDOW.
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the relatively low resolution spectra do not permit exact
location of individual line positions. Therefore, in addition
to the spectra themselves, we have employed the kinetic arguments

previously discussed in order to plan and interpret changes in

the spectra as a function concentration <1d additives.

First, we expect that the spectrum in a large excess of O
atoms and for small concentrations of HC (<1u Malki, 1972)
should show a predominance of OH emission over H,0 emission, at
least for short contact times. In addition, CO emission should
also be predominant under these conditions (low HC, short contact
times) since CO is a direct product of the reaction which produces OH :

CHO + 0+CO + OH.

It is presumably unlikely that CO is a new bond in this reaction
and thus we initially did not expect to see the CO first overtone
from ethylene oxygen atoms unlike the acetylene plus 0Xygen atom
case. Water is produced by a subsequent reaction of OH with
another hydrocarbon fragment. Hence HZO emission should be
quadratically dependent on the hydrocarbon concentration.

To test these ideas, we examined the spectra from very small
concentrations (<lu ) to nearly 10Qof ethylene. In Figure 4,
we illustrate spectra taken at constant resolution and a constant
contact time of about three milliseconds over an ethylene
concentration range of 2 to 85u . As illustrated in Figure 4,
the 2.7y peak predominates over the 2.3p peak at low concentrations
but the reverse is true at high concentrations. In addition, there
are two features at 2,3p which also undergo an intensity reversal.

Clearly, a quadratic dependence of the intensity is not observed.




Figure 4. The near infrared emission spectium generated by the
reaction of O atoms with ethylene for various concentrations of
ethylene at a contact time of less than 2 msec and an oxygen atom

concentration of approximately 10u.

STARTING FROM BOTTOM CURVES:

zuC2H4 (1) 1000u SPLITS, 20u L 10u F.S., t=10, 5 min/in,

1 RPM, ZOOUOZ’ 800uHe v lluO., 1st WINDOW

3uC2H4 (2) 1000u SLITS, 20uv F.S., 10u F.S., =10, 5 min/in, 1 RPM

200u O2 800u He, NlluO., l1st WINDOW

1OUC2H4 (3) 1000u SLITS, 50uv F.S., 100u F.S., 1=10, 5 min/in, 1 RPM

!
800u He ZOOUO lluO, 1st WINDOW

2,

45uC2H4 (4) 1000u SLITS, Souv Hadr , 100u Fr'Si: t=10, 5 min/in, 1 RPM

800uHe 200 .0

w2 lluO, 1st WINDOW

SSUC2H4 .95) 1000u SLITS, 50u VI, Sl 100u F.s., t=10, 5 min/in, 1 RPM

800uHe ZOOUO 11UO’ 1st WINDOW
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The feature at 2.7¢ is very similar to the observed OH
intensity from the reaction

H + 0, * OH$+ 0,

5
obtained by Murphy (1971), illustrated in Figure 5. That
reaction is 77 Kca] exothermic. The reaction of CHO + O is even
more exothermic and hence many overlapping transitions from OH
Av = 1 are possible in both cases. A cleaner spectrum of OH

in which a maximum of two vibrational quanta can be excited

can be obtained from the reaction

H + NO,»NO + OH%

At concentrations of NO2 sufficiently low, the primary step occurs
in a few milliseconds, while the recombination of OH to yield
water requires tens of milliseconds, presumably via the reaction
OH¢+ OH » H,0 + 0.
In Figures 6and 7 we illustrate the spectrum for O + C2H4 and
the spectrum for H + NO2 taken at (H) % (NOZ) % 4.5. Two
overlapping Av=1 transitions are possible at 2.7y, but only
one Av= 2 transition, with a resulting narrower peak is possible
at 1.4 - 1.5u. Again in this system, a qu.dratic dependence of
the intensity of HZO emission on NO2 concentration would be
expected and our kinetic studies do not show this. In any event
no peak =t the 2.3y region occurs in the H + NO2 system and
therefore we conclude that the 2.3 ppeak is no OH emission, but
rather CO first overtone emission. Using the NO + O calibration, we
find that the ratio of the 1.5u intensity to the 2.7u intensity is
0.447 compared to the value of 0.44 ¢« .03 determined by Murphy (1971)

for the OH overtone to fundamental intensity ratio.
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Figure §.

overtone of OH due to the reaction H+0

The emission spectrum in the fun’zmental and first
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Figure 2. A comparison of the infrared emission spectra for
the reactions 0 ¢ Nzn‘. 0 o CZ"J and H + NOZ. Concentrations
of O and H were approximately 10u and the concentrations of
Noty, C,ll, and NO, were approximately 2u, 10u, and 4.5u
respectivrly. All spectra were taken at a contact time of
less than 2 msec. Both O and H were diluted in a stream

consisting primarily of He.

it e NOZ - : 2000u slits, SOuvFS, 100uFS, v = 10, 1 RPM, S Min/in,

800utlte, ZOOqu. SuNO,, Sul lst WINDOW,

0 » Czll4 = ; 1000u slits, SOuvFS, 100uFS, v = 10, 1 RPM,
S Min/in, lOuCzH‘. 8§00uHe, 2001.0,, 1140 1st WINDOW,.

O« NZH‘ < ; 2000u slits, 20uvfs, 100uFS, v = 3, 2 Min/in,

4 RPM, ZuRzHJ. 900ulle, 90u0,; 11u0; 1sr WINDOW,
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Figure 7. A comparison of the infrared emission spectrum of
0 « CZH‘ and H + NOZ. Conditions are similar to thosc of
Figure 6 except that pure oxygen was discharged to obtain 0
atoms and no He was added. Hence a great excess of 0, exists
in this system.

H + NO

) T ¢ 4.uuh02, ZOOqu, BUOuHc, 4uH 2000uslits, lOOuFS,

2
ZOHVFS, 1 RPM -1 " 10, 1st W NDOW.

0 ¢ Czll4 - 2000uslits, 630u02, 4.SHCZH4 lOOuFS,

100, vFS, T = 3, 1 RPN, 2—’1‘% 1st KINDOW.
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An additional test for these tentative identifications mjght
be achieved by adding a reactant which preferentially eliminates
one of the possible radiators by reaction or energy transfer.
One candidate is CO, which undergoes a moderately fast reaction
with OH but is not expected to alter H,0 emission. Energy
transfer by excited CO to added "cool" CO m.ght also be expected
to alter the CO intensity distribution. 7This effect is readily
observed by addition of CO to the oxygen atom plus acetylene
systea in Figureg, where 290u of CO is added to the reaction
mixtures. The total intensity of the CO first overtone is
greatly reduced and the distribution is altered slightly. As
illustrated in Figure 9, an even more pronounced effect occurs
at the 2.3u peak in the 0 » Cz"4 spectrum at the same CO concentration.
At this concentration of CO, little effect on the peaks at 1.4

and 2.7u was observed. With a rate constant of 1.5 X 10'13

c=/sec
for the reaction
CO OH-°C0z * H
we would expect an effective first order rate constant of
1.5 x 10713 « 1.5 x 103,
for the loss mechanism of OH via this reaction. This must
be compared to the othir loss mechanisa for OHf ,
mH-°0~02°IL

which has a rate constant of approximately 4 X 10711

cc/sec. tlence,
with an oxygen atom corcentration of approximately 3 X lol‘lcc
the dominant OH loss mechanism remains O atom attack, with an

effective first order rate constant of 1.2 X 10 ‘.

In the case of the H ¢« NO, system, where Ot loss is

AN







Figure 8. The effect of an addition of 150p of CO to the
0 + CZH2 system.

Boa . 5 Mi
Conditions for both: looouslxts, % RPM, 1;" T =10,

SOquS S9uC2H2, 208 0 812uHe, N8u0 270u Ar.

w2’
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Figure 9. The effect of additives on the 0 + C2H4 emission

spectrum. 24ONC07 and 236NC0 were added.

Conditions for all: 1000uslits, 1 RPM, EI%EE, T =10,

SONVFS, IOONFS, SONC2H4’ ZOSNOZ 812uHe, 8u0, 1st (KBr) WINDOW.




Mo

O+Cz Hg
| (CO ADDED) 1
| |
1.0 2.) 30
WAVELENGTH, 4 ‘ |
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presumably via

OH$ + OH + H,0 + 0,

2
a much slower reaction, it should be possible to attenuate the
OH signal via CO scavenging. As shown in Figure 10 this indeed

does happen. In addition, other species which react with OH

|
3

have been added to this system. In general, we see from Figure 10

e

that the more rapid the reaction with OH, the smaller the signal
in both the OH fundamental and the OH overtone. The overtone
decreases more rapidly than the fundamental, which is con-

sistent with the narrowing of the fundamental band also observed.

Thus, we conclude on the basis of kinetic arguments as
well as spectral arguments that the observed emission at
2.7y is due to the OH fundamential and the emission at 1.5u

is the OH overtone.

e e R S Wi s S S

the H + HO2 system; however, the conditions necessary to achieve
this signal level in Figure 11 make it impossible to permit
H + HO2 to be the cause of the OH emission in the O + C2H4

‘ As shown in Figure 11, we also observe these features in
‘ system.

In summary, we present in Figure 12, a compilation of
infrared signatures at a contact time of 2 msec due to O atom

attack on various hydrocarbons.
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Figure 10. The eifect of additives on the H+N02 infrared emission

signal.

Conditions Common to All: 2000uslits, §—%%£—,1 RPM, 774uHe, 222u

H

2’

5 NO. lst WINDOW, t=10, 100 VF.S.
w2 u

Starting from Top:

N02+H + (Ar): 1 Torr Ar, 1 Torr F.S.

N02+H (CO): 780uC0, 1 Torr F.S.

N02+H (CZHZ): 31°uC2H2’ 1 Torr F.S.

NO,+H (C2H6): 0.5 Torr C,H

2 JHe s 1 Torr F.S.

N02+H (n-C4H10): 370un-C H 1 Torr F.S.

4710°

NO,+H » (CgHc): 345 C.H

uC3Hgs 1 Torr F.S.




NO,+H —~
C.H,ADDED

C,H, ADDED
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20 30
WAVELENGTH, ~
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Figure 11. A comparison between the H+NO2 and H+H02 infrared

emission signals. Exactly 3200u 02 was added to the H, in He

2
discharge in order to observe the H+H02 signal at a contact time

of 2 msec.

Conditions for Both: 2000uSIits, =10, 1lst WINDOW 1oour.s., 100uV

S5 min
F.S., IRPM, ———— ZZZHH), 774uHe., SuNO

2
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Figure 12, A Suamary of infrared signatures initiated by O atom

attack on selected hydrocarbons.

’ S min -
Conditions for All: looouSlits. IRPM 5 Y°10 SOu vF.S.,

lOOuF.S.. Ist WINDONW, 774uﬂe l9Su02. ZSOUAr.

Starting from Top:

CZHZ'O * 1 SSuCZH2
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THEORETICAL DETERMINATION OF VIBRATIONAL EXCITATION OF MOLECULES

The theoretical program at RIES has been primarily concerned
with the calculation of cross sections for the vibrational ex-
citation of molecules by heavy body collisions. This is carried
out using a numerical close coupling solution of the wave
equation for the colliding system baged on the breathing sphere
model of Schwartz, Slawsky and Herzfeld (1954) to represent the

target molecular vibrator, and an empirical spherically symmetric

scattering potential.

Meny reactions of interest in the upper atmosphere involve
collisions between molecules and atomic oxygen. However, except
for a semi-empirical estimate of the CO-0(!D) interaction
(Marriott, 1970) the central potentials necessary for the
calculation of these excitation cross sections have not been

available until recently.

As detailed in Part III of this report, potentials of the

form
V(r) = Aexp(-Br)
have now been determined experimentally for a number of col-

lision systems of interest. The parametric values required by

the collision codec are shown in Table 1.

Up to the present time, using this data excitation cross
sections have been calculated for the CO-O(®P) and N.-0(°P)

systems. Preliminary results based on the coupling of three
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molecular vibrational states are shown in Table 2, together with

the CO-CO and CO-0('D) values for comparison.

Although no direct cross section measurements are available
for checking these theoretical results, experimental determi-
nations of certain rate coefficients are available (center-
1973) and these can in turn be calculated using the cross
sections. Thus an indirect comparison with experiment can be

obtained and this calculation is presently underway.

In addition to the above, the previous report outlined
a recent extension of the original vibration-translation col-
lision code to include vibration-vibration exchange processes.
The need for further extension to include virtual states was
established if the code was to continue to be able to calculate

cross sections at collision energies of interest (i.e.: below

1-2 eV).

The code has now been reconstructed to allow for the
occurrence of these virtual states. At this time the new

subroutines are being debugged.

Our present plans for future work include the following:

(a) Complete the debugging of the new v-v code
including the effects of virtual states.

(b) Complete the vibrational excitation cross
section calculations for a! the collision
systems for which O-molecule scattering

potentials are now available (Table 1).




Apply the full code initially to a detailed study
of vibrationa. excitation rpocesses in CO, in-

cluding the effects of vibration-vibration exchange
and virtual states. The results will be analysed in
comparison with previous theory and experiment to

estimate the '"physical" reliability of the overall
calculation.




Table 1. Experimental central potential parameters for the
interaction V(r) = Aexp(~-Br) for various
0(3P)-melecule collisions.

System A (atomic units) B (aal) Expt. range (eV)

Co 30.77 1.7447 13.6 - 0.4
N2 20.92 1.6108 14. 0.4
38.13 1.7717 13:
18.38 2.1474 14.
62.43 1.9151
75.55 1.7214

52.02 1.9579

Table 2. Calculated Cross sections for the vibrational
excitation of N, and CO assuming coupling between
the first three vibrational levels.

Collision system: N, - 0(>®) co - 0(3p) o - co co - olpytt

2 2 2 2
Coll. energy (ev) Q01(7ap) Q4 (mag) Qpy(mag) Q4 (mag)

0.266
0.292

wn

0.110(+2)
0.101(+2)
0.85 (+1)
0.70 (+1)
0.60 (+1)

MNNHEFEFOOO

VO ULTO oo

**Figure in brackets shows power of ten by which number
must be multiplied.

tMarriott § Gianturco (1970)
ttMarriott (1970)
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PART III: Determination of the Intermolecular Potentials

between Oxygen Atoms and Plume Species.




—— e

A molecular beam apparatus donated by NASA has been used
to measure intermolecular potentials required as input for :
close coupled calculations of excitation cross sections.

Apparent cross sections for different energies are
determined by measuring the attenuations of a fast (50 - 2500 eV)
atom beam in passing through a scattering gas. The interaction
potential is calcu.ated from these cross sections and the
scattering geometry.

The molecular beam apparatus used in this experiment is
shown in Fig. 1va. Atomic ions are produced in the ion
source. The ion beam is analyzed and the selected ions are
forcused, collimated and decellerated to the required energy
prior to neutralization in a charge exchange chamber. Just
before entering the charge exchange chamber the ion beam is
deflected to prevent high energy neutrals, formed by neutra-
lization with the background gas, to be mixed with lower energetic
atoms. The neutralized beam is finally passed through the
scattering chamber and detected with a channel tron multiplier.
The beam intensity is measured as a function of the scattering

gas pressure, and the cross sections S can be calculated ac-
cording to:

_ 1 I
S = “m"“‘( /10)

Where I = attenuated beam flux.

IO = incident beam flux.

n = scattering gas density.

n 2 = path length in scattering gas.
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The equipment was tested by measuring the He-He potential for
which accurate theoretical caiculations are available. Ex-
cellent agreement was obtained with these theoretical results.
The repulsive potentials for oxygen atoms and several atoms
and molecules have been calculated from measured incomplete scat-
tering cross sections of fast-atom beams. These fast beams were

produced by neutralizing either positive or negative 0-ion beams

in a charge exchange gas. HZO’ Xe, 02 and Kr were used as charge

exchange gases.

The results are given in the torm of Born-Mayer potentials

in the following table.

Oxygen-atom Potentials
A in eV

Ep<r<r, b in A1
T, T i

Ac-br
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Culated:

He -He Ne-Ne Ar-Ar
He-Ne Ne-Ar Ar-Kr
He-Ar Ne-Kr Ar-Xe
He-Kr Ne -Xe

He-Xe

and H-He, D-He.
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Kr-Xe







