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20. Abstract (cont’d) 4
~ conditions . Of utmost significance has been our developmen t of a new experi-
mental method to observe for the first time infrared vibrational chemilumines-
cence from ion-molecule reactions. This technique offers promise for numerous
detailed studies of the dynamics and infrared emission of ion-molecule reaction:
which are important to the Air Force.

The experimental program invol ves two distinct parts. The first employs
a pulsed, tunable laser (purchased with this contract) to produce electronically
excited atoms and other reactive atoms for studies of el ectronic-to-vibrational
energy transfer and chemical reactions. Vibrational emission and chemilumines-
cence is observed with a sensitive infrared detector to measure the rates of
energy transfer and to determine product state vibrational distributions . The
second experimental system employs a flowing afterglow, normall y used to study
ion-molecule reactions, which was modified to observe ion-molecule vibrational
chemiluminescence.

Systems studied incl ude the reactions and energy transfer of:

Br* + NO -‘~ Br + NOt (a)

j j Br* + H2S HBrt + HS (b)

Br + HSt

CR, + H2S HCP.t + HS (c)I 0 + C O + C02
t +e

Several important results have been obtained . Electronically excited Br*_
energy transfer to NO produces a popul ation inversion between NO(V=2) and
NO(V=1). The electronically excited Br* atom has been found to react sub-
stantially with H2S to produce (vibrationally excited) HBr. The reaction
of CR. + H2S produces almost solely vi brational excitation of the HCR. product.
Finally, the 0 + CO associative detachment reaction was found to yield
substantial excitation of the antisyimietric stretch in the CO2 product.
The direct observation of vibrational chøniluminescence from the 0 + CO
reaction is the fi rst such demonstration of this kind . These results open
up a whole new field of study for ion-molecule reactions.
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FUNDAMENTAL KINETIC RATE PROCESSES OCCURRING

IN POLYATOM IC VIBRATIONAL LASERS

1. R~p~~~~ umar

Laboratory experiments have been perforn~ d to study qaseous systems wi th

regard to understanding electronic-to-v ibrational energy transfer and chemical

reactions of neutrals and ions which yield product state vibrational excitations.

These results are important for the development of new methods to pump infrared

vibrational lasers by energy transfer and by chemical reaction mechanisms . In

addition , many chem i cal reaction systems are responsible for infrared emissione

which are observed in the upper atmosphere under normal and perturbed conditions.

Of utmost significa nce has been our development of a new experimental method to

observe for the first time infrared vibrationa l chem i luminescence from ion-

molecule reactions. This techniqu ~ offers promise for nume ~ous detailed studies

of the dynamics and infrared emission of ion-molecule reactions which are impor-

tant to the Air Force .
The experimental program involves two distinct pa rts . The first employs

a pu lsed , tunable laser (purchased with this contract) to produce electronical l y

excited atoms and other reactive atoms for studies of electronic-to-v ibrational

energy transfer and chemical reactions. Vibrational emission and chemilumines-

cence is observed wi th a sensitive infrared detector to measure the rates of

energy transfer and to determine product state vibrational distribut ions. The

second experimental system employs a flowinq afterglow , normall y use~ to study

a
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ion-molecule reactions , wh ich was modified to observe ion-molecule vibratio nal

chetniluminescence.

Systems studied include the reactions and energy transfer of:

Br * +NO ~~~Br + NOt (a)

Br* + H2S HB r~ + HS (b)

-* B r + H 2S
t

C f + H 2S-÷ HCft +HS (c)

+ CO -
~ CO2~ + e

Several important results have been obtained. Electronically excited Br*_energy

transfer to NO produces a population inversion between NO (V=2) and NO (V=l). The

elec troni call y exc i ted Br* atom has been found to reac t subs tant iall y w ith H2S
to produce (vibrationally excited ) HBr. The reaction of Cf + H2S produ ces almos t

solel y v i brat i onal exc it ati on of th e HC~ product. Finall y, the 0 + CO associa-

tive detachment reaction was found to yield substantial excitation of the anti-

syn~net ric stretch i n the CO2 product . The direct observation of vibrational

chemiluminescenc e from the O + CO reaction is the first such demonstration of

this kind . These results open up a whole new fiel d of study for ion-molecule

reactions.

2. Techn ical Results

Pulsed laser kinetic studies are carried out using a tunable CMX/4 fiashlamp

pumped dye laser , a larg e area InSb infrared detector , and a flow system. This

work has been performed by Martin Braithwaite . The experimental arrangement is

shown in f igure  1. The f.low cell w ith cal i bra ted f l ow meters al lows rel i ab le
study of reactive systems such as Br2 + NO , CP.2 + H2S, Br2 + H2S and the like.

Gases are mixed with injector inlets in a fast flow of argon carrier gas. Runs

are made at varying flow rates to insure that no prereaction of the reagents has

taken p lace .
The pulsed dye laser is crossed into the flow cell at right angles to the

infrared detector port and the flow axis. The laser is typically multipassed

with mirrors twenty times through the flow cell , to enhance the absor pti on by
weak species. The laser source is used primarily for photodissociation of

molecules such as Br2, Cf2 and S2Cf2, to generate around and electronically
exc i ted atoms for these studies . All of the pulsed kinetic events are syn-

chronized to the laser optical pulse with a photodiode trigaer. The fluorescence

2 — 
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Fiqure 1. Experimental arranqement for pulsed laser kinetics usino
infrared fluorescence and chemiluminescence detection.

signals generated by the infrared detector are di gitized with a Biomation 8100

transient recorder , and the di gital information transferred to a signal averag ing

computer for enhancement. The resultin g plots of emission intensity versus time

have a typ ical signal-to—noise of 10-100. A variety of interference filters and

gas blocking cells are used to isolate signals from the species of interest .

In this manner both time and intensit y information can be used to diaqnose the

rates and partitioning of the reaction energy.

(A) Br* +N O

The excitation energy of electronically excited Br(2P112) is 3685 cm~~
’.

This is sufficient to populate the nearly resonant V=2 vibrational l evel o~
NO by E-V tr~insfer. The C-V laser fluorescence technique is now well-

established .’’2 Such enerqy transfer processes are important for electronic-

to-vibrational transfer lasers and the development of new molecular vibrational

• lasers in general .3’4 Laser stimulate d emission has been observed from
*2NO(V 0 2 ~1) upon E-V transfer from Br

In these experiments , an accurate measurement of the branching of energy

into NO(V=2) and N0(V=1) was attempted . The possible channels are :
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k
Br * + NO—~..Br + NO(V=2) (1)

k
Br* + NO -2.Br + NO(V l ) (2)

k
Br * + NO ..2~.. Br + NO(V=O) . (3)

Althoug h the ex perimen t i s conceptuall y stra i ghtfo rward , some difficulty was

encountered in using the InSb detector , since its response falls off rapidly

in the range of the NO bands. A careful calibration of detector response as

a func ti on of waveleng th was ma de us i ng a b lac kbody source spectra l l y resolved
through a monochromator. The results of these experiments then give a pre-

l iminary value for the relative rate constants k1/k2 = 2.6 ± 0.5. The measure-

ments are made by fi rst observ i ng the tota l NO emission and then the si gnal
amplitude when the V= 1-0 emission is blocked by a gaseous cell of NO. The

data is reduced taking into account the different radiative rates for NO(V=2 )

and NO (V=1), differing detectivities , etc.’ From a comparison of the total

NO emission intensity and the Br* emission amplitude , we determine that

+ k2 > k3. Further , refinement of these results to obtain more precise

quantitative data is presently being carried Out.

(B) Cf + H 2S

The reaction system of Ci. atom with H2S was studied to determine the extent

of vibrational excitation in each of the product molecules. Two sources of Cf

atom by photolys is were used:

Cf2 2C9. (4)

S2Cf2
-~~~s. S2CZ + Cf . (5)

In the case of photolysis of Cf2 in the flow of H2S, the following reactions

appear to be important:

k
CP + H2S.4.HC~ + HS AH = -13 kcal/mole (6)

k
HS + Cf2 —~ø.HSCf + Cf AH = —2 kcal/mole (8)

k 6HSC2 + Cf2 .—,SCf2 + HCQ All —36 kcal/mole . (9)

The experimenta l results demonstrate conclusively that the reaction system

I
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proceeds via the chain (7) and (8). This was determined from the slow but

continuously ,-isinq emission signa l of the vibrationa lly excited HC~ product.

The amp litude of the observed signal was ten times greater than the si gnal
obtained when a similar density of C . atoms is generated in a flow of HBr ,

d a reaction which has no possibility of chain steps.

Using the photo lysis of S2Cf2 as a so urce of C~ atoms was found to
inhibit the chain step (8), and the rise time of the HC9 emission from

reaction (7) could be studied independently. Extensive measurements of

the C~ + H2S reaction rate constant g ives k4 6.2 0.5 >~ lO ’~~ cm3 molecule ’

sec ’. Analysis of the emission from reaction (7) shows that HC . is formed

only in the (V=1) state. This is consistent with the available reaction

exothermicity . No detectable emission is observed from the HS fragment.

An independent and hi ghl y reliable calculatio n of the relative transition

strengths for spontaneous radiative emissio n of HC; and KS qives ~fIC 
Ir

KS 
= 0.10.

Thus we are able to assign a limit to the extent of vibrational excitation in

the HS fragment of .10’ . This is in agreement with the qualitative model for

reacting A + BC systems which would say that the reaction exothermi city is

deposited in the newl y formed band when the activation barrier comes earl y in the

entrance channel of the potential surface.

Further study o~ the chain reaction system with C 2 as the photo l ysis source

showed that half of the HC~ is also produced in excited states greater than V= 1.

This can only be explained by some reaction other than (7). Reaction (9) is one

which could possibl y excite HC to higher vibrational levels because of its larue

exothermicity. If this reaction does go efficientl y, a very unique rearrangement

must be occurring, which will be irlportant to stud y further.

(C) Br * + H 2S

A further study of E-V transfer events in reactive systems involves the

interaction of Br* with H2S. In this case , a competition between E-V transfer

and a reactive channel is possible:

Br* ÷ 82 S Br + H2S
’ (10)

* RX
Br + H2S 

—
~~ HBr + KS . (11)

In addition , the reactive channe ’ (11) has the possibility of exciting either

the HBr or HS to V= 1.

A
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The dye laser was tuned to 580 nm , where photolysis of Br2 produces only

ground state Br atoms. As expected from the exothermicity of the Br ÷ H2S
reaction , no vibrationa ll y excited species were observed in the products. On

tuning the dye laser to 480 nm , where photol ysis of Br2 produces one Br
* and

one Br a tom, vibrational ly excited product emission was observed. Insertion

of a gas filter cel l of HBr blocked the emission si gnal totally, indicating

that the Br* reacts with H2S to produce HBr (V=1). No emission was observed

from vibrationally excited H2S down to the limit of detectability . Thus it

appears that reaction (11) and not E-V transfer (10) is the dominant process.

Similar to the reacti3n of Cf with H2S, no vibrationally excited KS was ob-

served either. Preliminary intensity data for the HBr(V=1)/Br * ratio indicates

that the reactive channel is a substantial fraction of the total quenchin g rate

of Br* by H2S.

(0) 0 + CO: ion-molecule vibrationa l chemiluminescence

Further emphasis to study reactive dynamics of relevance to the interests

of the Air Force has led our group to develop a completely new technique to

study ion-molecule reactions. This work was performed by Veronica N . Bierbaum

(research associate with C. H. DePuy), 8. Barney E llison (research associate

with W. C. Lineberger), Jean H. Futre ll (JILA Visiting Fellow), and the principal

investi gator. The work is important because ion-molecule reactions are respon-

sible for n~’nerous infrared emissions observed in the upper atmosphere. Sur
technique allows a direct observation of such chemilu,iinescence emissions from

4 ion—molecule reactions , and provides a method to Stud y the dynamics of ion-

molecule reactions.

The 0 + CO associative detachment reaction was chosen because it has a

minimum of obscuring effects and because the CO2 product is easily observed in

emission at 4.3 urn. The therma l rate constant is 6.5 .< jQ~
10 cm3 mo lecu le~~

sec~~.
6 A substantial fraction of the electrons are ejected with low transla-

tional energy , suggesting that most of the 4.0 eV reaction exothermicity is

taken up in the internal modes of the CO2 product .7 This exothermicity is

sufficien t to excite all four vibrational modes with six quanta each. We may

assume at least some CO2 product molecules are excited to states conta inlllo one

t or more quanta in the antisynmietric stretch , which is convenientl y detected at

4.3 ~Jm with available detectors.

The flowing afterqlow (figure 2), used successfully for many years to

measure rate constants of ion—molecule reactions , offers a carefully controlled

6 
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Figure 2. Experimental apparatus for observinq ion -molecule vib rational
chemi lijrinescence in a flowing afterq l ow.

source of positive and neqative ions. 8 O~ ions are produced in the ion source

- ‘ 
j by dissociative electron attachment of 02 with electrons. Typical conditions

are 0.5 torr He , 0-30 c to r r  O2~ 
and emission currents of 0.2-50 ma. The filament

potential is maintained at —80 V . and a fine mesh tungsten grid in front of the -
‘

filament is modulated with a square wave from —120 V to ÷150 V at a frequency

of 40 Hz. Under these cond iti nrv ~, 100 modulation of the electrons is obtained

and phase sensi tive detection of the optical signal is optimized .

Ion densities are estimated trc~ the signal detected with a quadrupo le

mass spectroeleter located 12s cm downstream from the ion source. Both the

positive and negative ion mass spectra were very clean , consisting primaril y

of 0 , O~~, 0~, 0~
’ and sciI€- impurity N02 and C-~~. Of these ions , onl y 0

is potentially reactive with CO. Densities of 0 55 cm from the ion source
6 8were estimated to range from 10 - 10 Icc .

Infrared emission was observed at two port windows , 10 cm and 55 cm from

the ion source. At the 10 cm port , strong emission was always observed from

l ow l evel CO2 impurities in the helium p lasma , presumably excited by energy

a
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tr ans fer - front hel ium cx’ Lr tab les .  Ut  urn s to ump lete ly re uve the CO2 impurit ies
in the He carrier gas w e r e  ine f fec t ive  because of the high v o lur : e f lows . Wi th
added 02 the CO2 il i lpurity signal cr1 toe 55 cm oor t  is g rea t l y  reduced . T ypica l
backqrou nd sigrl al s were only a few aires the detector ru se level after si gnal

enhancement . All the expercrnents reported here were carried out at the window

5~ cm downstrea m . Addit iona l advanta ges of downstream detection are that the

ions are therlildlized , c e t c rs t a b le  states are substant ia l l y  quenched , and f low and

diffusion parameters are well-defined. A 1.27 cm x 1.27 cm InSb detector wi th a
D* (4 .3 rim) of 1 1011 cm Hz~

”2 w at t~~ was positioned 4 cm from the flow tube ,

leaving room for insertion of a gaseous filter cell. A narrow band interference

filter , 2250 to 2390 cm 1, was used to isolate emission from the CO2 antisyrnnn etr ic

stretch. The detector signals were limited to 1 kHz , amp lified by 1O~ , dig itized ,

and sumed in a sultichannel averaqer . The mul t ichan ri el di g itizer was synchro-

nized to the negative slope of the grid modulation and positive em ission signals

are observed approx i mately one-half modulation period later.

Strong signals were observed at 4.3 . 111 upon adding CO to the 0 flow. A

number of experiments were then performed to determine whether the o bse rve~i
emissions are actual ly  produced by the 0 + CO react ion.  Over a wide range c~
02 and He pressures and emission current condit ions , the background emission
signals from CO2 impurities in the He and CO were found to be a fact er  of ten
less than the si gnals from the 0 + CO reaction. When the 0~ density w as varied

~ by both chan ges in emission current and added 02 , the CO 2 emis s ion intensity was
found to be directly correlated wi th  the 0 concentration. The CO 2 emission
intensity also followed the expected dependence on added CO. CO pressures of

0.10 mtorr reacted comp letel j  w i th  ava i l ab le  O over a distance of 20 cm , and
the CO 2 emission intensit y did not increase on adding up to 1 nitorr addit ional
CO. A CO 2 gas f i l ter  cell , 1 cm and 1 atm , was used to block emission onl y from
(001) (000). Measurements of s ignals from plasma exci ted CO2 impurity mole-
cules gave a 5” transmission throug h the gas cell. This corresponds approximatel y

~~~ 

‘ 
to the Boltzman n rat io of (011) to (001) at room temperature. When the same
experi r’ ie nt was perfo rmed on the produc t molecules of the 0 ÷ CO reaction , 30

transmission was observed , indicat ing a d is t inct ly  nonBo ltzmann distr ibution .
We conclude from th ’~ e experiments that emission from the CO 2 antisymmetric

stretch is observed in ~re product . of O + CO reaction. We must consider whether
this vibrational mode is excited directly or by some energy transfer mechanism .

The density of unquenched helium metasta bles at the CO reagent inlet is far too

low to produce the magnitudes of the siqna ls observed. In the gas filter

8
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experi ntents , the CO I ni t ’t was m l  v 1 cm t ron the vi ewi to pot , cri rr eSporid iou to

about ~~ collisions 0 C the CO2 i nduct predo m inantly with he lium while it is

observed . 1rrln the ~r i run r elaxation rate of C02(0O1) with helium , more than 1O~
collisions are required for intra m olecular enem y transfer. 1° Unless the intra-

mol ecular relaxation rates or more hi ghl y excited CO2 molecules are io2 times
faster tha n for the (001) state , it is unlikely that the antisyminetric stretch

* 
is populated from other modes by a subsequent intra lno lecular energy transfer

mechanism. We conc lude that some of the CO 2 is exc i ted  d i rect i r’ w i th one or
more quanta in the ant isylnmetr ic stretch.

A qualitative descr ip ti on of the dynamics of the associative detachment

process has been given. 9 Since the or rind state of CO2 is bent , and that of

CO2 is linea r , the CO2 is expected to receive multi ple quanta in the bendin g

v ibrat ion in the auto detachment process. Osci li ations are observed ir: the

energ ies of the electrons ejected from the O ÷ CO reaction which suggests
exc i ta t ion of a progression in the bending mode series .7 This is in contrast
to the observed progress ions in the symmetric st retch ser ies for electron exci-
tat ion of CO 2 in the 4 eV range .’° This process most likel y samples a different

part of the C02 compound state surface. The detai ls of the v ibrat ional  exc i ta-
tion depend in each case on the C02 l i fe t ime and the exact nature of the poter-
t ial surface crossin o . The present experiments demonstrate that at least one
quantum of exc i ta t ion is popu lated in the antisymmetric stretcn for some of the
product molecules of the O~ CO reaction. This result is consistent with the

p icture that all the vibrational modes should be excited to some extent ,7”1

with perhaps substantial excitation in the bending node. Further experH - ’ients

with a range of detector wavelen gths will be required to describe the d istribution

of vibrationa l excitation quantitativel y.
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METRI (: SYSTEM

BASE UNITS:
Quant ity t~n I  SI Symbol Formula

length metr e m
mass ki logram kg -

time secon d
elec tric current ampere A
thermodynamic temperature kelv in K
amount of substance mole mol
luminous intensity candela cd -

• SUPPLE MENTARY UNITS:
plane angle radian rad
so lid ang le aterad ian sr

DERIVED UNITS:

Acce leration metre per second squared mis

activity (of a radioa ctive source) disinteg ration per second . .  (disinteg rat iofl)/s
angu lar acceleration radian per secon d squared radls
angu lar velocity radian per seco nd red/s
area square metre m
density kilogram per cu b i metre kgim
electric capacitance farad I’ A.s/V
electrical ~nnduct ance s iemens S A/V
electric field strengt h volt per metre - V- rn
electric inducta m e henry Ii V.sI A
electric potential di ff erence vol t V WrA

e lec. tr ’ res istan ce ohm V/A
electromot ive force volt V WIA
energy jou le N.m
entropy jou le per kelvin . - .  JIK

force newton N kg.rnls
frequency hertz Hz f cyc le)ts
illumin ance lux Ix Imim
luminance cande la per square metre . . .  cd/rn

luminous flux lu m e n  Im cd.ar
magnet ic f ieLd st rength ampere per me$se Aim

magnetic flux we ber Wb V.a
magnetic flux density tesla I Wb/m

magnetomotive force anipere A .. -

power watt  W )ls

pressure pas cal Pa N/rn
quantity of electri city coulomb C A.a
quantity of heat ~ouIe J N.m
radiant intensi ty watt pinT ste rad ian W -s r
s pecific heat loule per k~to g ra m-k e lvin J/kg.k
Stres s pascal Pa N/m

t hermal conductivity watt p.nr metr e- k e lvi n W!m.K
v e loc ity metre per set und ms
vis cosity, dynamic pas i.al - set -ond - Pa.s
viscosity, kinematic squert. metre per second . m’s

• vo ltage vu l t V WIA
vo lume cub k inetr p - m

wavenumber ret uprocal metre . (w sve km
wor k toule I N.m

SI PREF IX ES:

Mu lt i pht. at lofl I~dcto rs Prefix SI Symbo l

1 000 00(1 000 000 11) 2 lai rs 1’
1 000000000 giga

1 000000 1tl ~ 
mtsg e M

• t 000~~ 10’ kilo k
100 102 hecto ~ h

1 0=  10 dek.~ da
0.1 = lIr ’ d,e-i ’ d

a 0.01 ~ 
u entt ~

000 1 iU~~ 
mu ll m

0.000 001 10 ‘ mic rn
0.000000001 I0~~ 

nano n
0.000 000 000 001 = itr ” p0:0 p

0.000 000 000 000 001 1 0 ”  f itmt ii
0000000000000 LXI() 001 1 0”  at tn C

To be avoided where poss ibl e
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