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SUMMARY

Work under this contract was conducted to further our understonding
of the chemistry of the otmospheres of Mars and Venns, Investigations in
four differont areas have been corried out, These investigations, oand
the results obtanined, are summarized briefly below.

Py 002 photodissociation quantum ylelds wore determined in the
1300-1500 X spectral region by meoasuring both CO and oxygen
ntoms. Controry to carlier studies, which we now believe were
nffocted by heterogencous processes, the photedissociation yields
appear to be unity at wavelengths below 1500 R.

¢ The o(ls) quantum yleld was detormined for 002 photodissaociation
in the 1060-1175 X spoctral region, The measurement resolves
the differences between two corlier experiments, and demonstrates
that the 0(18) vield is unity throughout most of the mensured
region, An aonomaly was discovered at 1089 R, the locntion of n
strong Rydberg trmnsition, where the oxygen atom is produced in
the 1D state,

i
e The pathways for the quenching of 0('S) by NO, CO , H

2 27 2
NO were investipgnted., Distinction wns made between deactivation

Q, and

1 3
to 0( D), to O( P), and reaction, The only clear-cut case of
reaction was with Héo; the other quenchers gove various mixtures
1 3
of O('D) nnd O( P), This experiment demonstrates for the first

1 1
time that 0( S) reactions differ markedly from O( D) renction not

only in teims of quenching rate coeffictients, but nlso in terms
of the products formed.
® The source of the Venus nightglow detected by Venera 9 and 10,

was investigated, We followed the observations of Lawrence et nl,,
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who found that o no~02 9ischurgu with ndded 002 produced the
emission (the cl!}“- - KJBR‘- 02 transition),  We woere able not
only to duplicate thelr réaulrs, hut nlxo to show that oxygoen
atom robnmhinutiuq‘}s the Un(c!zﬁ‘) gource, that cop ty not mn

3

essentinl Lagrodiont (Nﬂ in'. ag effective), and that (12(\']}: lh)v;.(\
iy quenched primavily by ()(JP) i vur system,  Wo boliove that
the difforenve in the O o vevambination spectra in tho torresteiat
amd Venustan atposploves is movely o consequence of the difference
in [M] [0(31‘)] at the altitude of omission,  We have also found

wvhat appears to be a now Q‘{2 band gystem, althoupgh the ddentity of

the tramgition is not yot ovident,



BACKRGROUND

Photodigsocintion ol CO“ s a primarvy procegs in the atmospheres of
Mars and Venus, snd o mojor poal ol the rvesearch wng o settle zomne of
the nmbiguitios existing in the MHiterature on this subjeet, Thoe issue of
n photodigsocintion guantum yiold thut varvied with wavetongth, in the
wavelotgth roglon below 1670 S, has covsed convern for the last several
yours, Wo hnd contributed to theose obs vrvntinual Ly confirming and
oxpanding two carlier Htudivak'a hy other investigators, However, there
wore onough contradictory measuroments to make us believe that further
rosolution of the probiom was needod, S0 wo have condueted ma additional
study in which, for the first tiwe, both CO and oxygen atoms were meusured,
in real timo,

In the hiigh absovptlon cn)nv-qﬂctlun spoctral voeglon bBelow 1200 R,
COu photodissocintion con lend tu 0( S) production, and hence L8 tn
mportant source of the 2972 h P emission line In the Mariner spoctrn
of Murs.d Provious work, by LIWPONUUG and by Koynno ot nl.,G had indi-
catod high 0(“8) yviolds ut L100-1140 R, but those studies produced markedly
difforont rvesults above and boelow this wuvolvngfh roglon, To rosolve
those diserepaneles, and to ascortain Lho ol S) ¥ield from CO at 1067 R
which 18 needed forr the work on the O b} praduct channhels, we investigated
the 1060-1175 h rogion, Qur results agree with parts of each of the two
provions studies. However, nelther of thoge studies reportod that at the
strong sbsorption Land ot LURY S, which 1s an fntonse Rydberg transition,
coﬂ dissoviates vin a €0 0(1h) puthway; this is an abrupt chunge from
the CO + Oils) pathway found elgowvhero,

Bocauge 0(18) is a fmportant metastable speeleg In the atmospheres

of the coﬂ planots, we attompted to ascertain the products of its quenehing

w



by (O (6 the Intevaction were found o weactive, anadditionnt souvee

g
of O and uu would exiat,  The beat taboeatoey sonive for O ‘.‘%) waup toul
to he the 1R0R-1308 \‘ phatolyaly of Nq\\.? T the vonese of the atwdy,
wo algd waasaved the ﬂ("ﬁ) quenching praduets faom Naﬂ, 'Ilul). and RO, in
all enses ddffoventinting betweon phvateal quenchiog and chiemfeal ronetiom,
Thege awe the Dlrat gued neamiveoments foe u(‘s), although by now theve in
e extensaive Litevature on the n(ln) venctlionz, asubueoguent to oue int il
measurements of ten yoars agoe,

Thoe Venus nightglow obrevvationg weve anexpoctod in the aovonomy

'

copmuaid €y, zminee 1t wag eonaldered unliketly that an uu ayatom wounld e the
anly Feature in the vigddible apocteadl veglon, pavticalaely one atmest totalty
unkuown 4y the Laboeatory, Moveever, {he Roessiong had bedve mlaident Uiled
the emiaalon, flevat catlime it a N:\ r:y::‘lnm,g anddl thon the CO toaarih-
Do tive bawda, W Lawrenee ol :\\.H' Wentifled the omtzaion ag the
Oa(clﬁu-ﬂxss;g_-) aystom aml wepe able o proaduace 1 in the Tabovatory,
We have now extended thiz work and have obtatned dnforsation su the
03(91!;“") produetlon meehandam, and lozg echaniel, i the haaia of these
datn, we ave able (o present o possiblie oxplauniion for the diEferenve in
the 03 yecombination apectra ohaerved In (e Venualan amd tervestayial

Atwhapheres,




RESULTS ;

1 |

The work on COB photodlasocintion and on thoe 0( 8) product chonoly :

hag cdther boon publ&shodl2 or 135 about to be published, in the Journal %
of Choemical Physies, Abstrnets of these papers wre presonted in the ;
Appendix, Thus, only the work on the Venus nightglow will be discussed !

hore,

The emizsion observed from Venern 9 mmd 10 i the O=-v progression
of the 02(u -+ X) trunsitlou.9 The specetra are foar clesrer than had over
beoen seen in the laboyatory, the only previous emission spectra having
been reported by nugon.13 e saw only two very weak bands, and 100 hours
was required to record them on filwm, 'This comission in the Venug nightglow !
was unexpected, particularly becsuse it appears to emanate in o reglon
whoere tho coa pressure Ls ~ 1 torr,  The catimatod 02(c12“-) radlative
lifetime 45 > 100 soc,ld # tlme egquivalent to b x 108 €0, vollisions,

11 . .
Lawrence et al, wore nble to producoe n eloon Oq(c-x) spoctrum by

SRy e = S at S

2
coneluded that the role of CO2 was undgue, and that, oven though oxygon

discharging 0,3% 0, in Ne, followed by nddition of CO_ downstream. They

1] =
atom rocombination was nssumed to be the source of the 0 (e E“ ) excita-
[

1
"
"
i
;
{

tion energy, the CO_ ncted in a "chemical' way, resulting in specific

Oﬂfc) production. 30 swpport this argument, ghoy pointed out that oxygen
atom reconbinstion in the terrestrinl atmosphere, where the €O concentru-
tion is negligible, results in production of tho A38“+ stote of 02,15 not
the clz“- stuto,

Wa have performed oexporiments in u discharge Tlow apparatus in which
it was possible to observe products Iu two difforvent [low roglmes--in
fast Llow, with ﬁlschnrgo—tﬁ-viewingurogibn times of ~ 3 my, snd in n

glow flow, with an aging time of ~ 0.5 zee. Titration ports wewe




incorporated in the systom so that O(SP) ntoms could be produced by monns
other than 0, ¥ ssociation,  The reaction coll was viewod by o hipgh spood
transmission grating lunge tube spvvtrngrnph,lﬁ enabling us to obiain
complote spectra in the 4DOO-BOVO R roggion In 30 soceonds to 4 minutos,
Absolute measurements ol O(SP) donslties wore obtalned by NO titration,
Our results diffor sipnificantly from those of Lawronce ot ul.ll in
sovoral ways, We find that it is not necessarvy to have (‘03 pregont in
arder to soo the oB(c-x} trangition, This transition is olear und gtrong
in the afterglow ol an He-0 discharge (20 torr He, 30 mtorr oq).
Addition of €O, cnhances the omission somowhutl, and mukes the spectrum
cloanoy by removing emissions from other sources, but the OH(C“x) band
system is presont ot all timos, 'his obsorvation is quite surprising,
since DogonlB required vory long exposuros o obtnin sulliclent intensi-
ties for nmnlysis, snd Lawrence ot nl.ll wore unable to obgorve any =X
bonds without €0 addition. We, on the other hand, are able to obtain
gpectra (on [1lm) with 3U-second oxposuves, using the image tube instru-
mont. A spectrum is presented in Fig., 1, which shows the 5000-§000 R
reglion, The background vontinuum is the NOQ* ombsslon {hat results Prom
the conversion of treace Nz iwpuritios to NO in tho dlscharge, md subse-
quent reaction of this NO with Q(ap). The upper spoelrum was obtained in

the sbsonce of con, whoreans the lower spectrum was obtained with 7 tore

1+
002. The most promdnent foanture in the upper spectrum is the Oa(b Ev -
3 - 9 3
X Sg ) band ot TE1Y R, nlgo gonoranted by 0 PY recombination,

The Oa(cwx) bunds arve prominent in both spectra, but the specotrum
tuken without €O shows additional festures--the OH Meduel system, and
three ather bands, oceurrving st 300 & 10 cm_l to the long wavelength side
of the three ¢-~X buunds, Even altex COE addition, traces of those three
new brads vemain, but the 0 (b-X) band and the O Mednel bands ave
completely extinguished. Specirn taken of the 4500-5500 R roglon show n

\]
fourth unknown band, ot 5312 4 3 A,
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From the vuariobty of ways in which we have bheow nbie to gencwato the

new bands, 4t 4s clenr that theoy belong te an O systom aud ave formed by

3
atom recombinalion, No transitions of the common impuritios (€O, CN, 02,
CH, OH, NO) corvelate with them. If vocombination is the wochanism, thon
tho A33“+, e]E““, ?ud CSA“ stntos sre the only likely cmndidates for the
upper gtnte, md o 2“ Cve0) i8 exelndod bocmuse the vatio of intonsitlioes
of the now aystem to the o=X O«¢' nystowm lg not constant, Toble I glvos

thoe obsovvid wovolongihs, slong with two coticolvableo dndontidlentions for

tho syston,

Table T

: UNEDENTEFIED BANDS
Quaorved Bondhondy J\S‘E,‘;“ ' - Xs?,,i - J_\BE“‘L - hlEg:
5212 & 8 A 0-11  S220 X 0= sasa N
5604 & 3 A 0-19  SG0Z X O3 5682 A
6055 % 2 A 0<18 G085 N O=4  GOBS A
6572 & 5 A\ 0-14 6681 % 0-5  GGAR N

Although the 0-12 aud perhaps 0-11 A<X bandg look 1ike pood {dentd Plentions,
the othors do not, snd ux the bonds appony to have o congtant futensity
tio, 1t is tikoly thut thoy have the sawe upper state wtd vibrational
lovel, The congtont displocement from the o-X bhandsg suggposts that the
fouy now bande hanvo o common uppor level amt the Lome lowver level as tholr
e-X neighbiors, ‘'Mhis lwpilog o now 03 stute, lying S00 cmql bolaw theo
QIE“- gtate, n hypothesls aifficult to explain on theoretieal grounds,
Moroe oxporimontation is requirved to identify the systew,

The two spoctra in Pig, 2 show the 4100-4600 ‘t{ voglon, taken in the
secomd ordor of the lraunsmiaston peating, It may bo seen that tho ¢-X
bands are now partially rotationally rvesolved: the -7 Land, the swme one

A

1\*
analyuod by Degen, enn Lo followed out to K = 23, Again, in the absoncve

e T R T T R |

T A T T M R A

i
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of CO2 the c-X bands are cleorly present, and the A32u+-x32g— systoem is
nlso observed, CO_ nddition quenches the A-X system and also reduces Lhe
background N02 continuum,

A second way in which our results differ from those of Lawrence
et al, is our finding that while CO2 does enhance the c-X omission, it is
not unique in this behavior, We find that N2 has o similar effect,
although it is less effective in decreasing other emissions, so that c-X
bands do not appear ns isolated as when CO2 is used. Lawrerice et nl.ll
have tried to exploin what they considered the unique behavior of 002 in
terms of a chemical effect between the recombining O(SP) ntoms and the
002 third body. We conclude that there is no such effect, and that the
choice of a third body is arbitrary, From the spectra in Figs., 1 and 2,
wo Hove obtalned a measure of the elfect of 002 addition on the 0-6 ond
-7 X band intensities, shown in ri;, 3. A doubling of the intensities
is observed over the CO pressure range used, which is just the increase
to be expected if the addition of CO merely specds up the O P) recon-~

bination rpote, This increase requires that 002 be three times as effeetive
a third body as He [ typical for several OCSP) recombination systemsl7’18],
and that 002 be a poor quencher for Oz(clgu—), which follows from the
appearance of the Oz(c-X) systems at the CO2 pressures in the Venus
atmosphere and in the laboratory. Note that at the CO2 pressure used in
Fig. 1, the 02(b12g+) stnte is cntirclylguen;hed. is thi rate coefi‘icientl9
for this reaction is o moderate 4 x 10 cm molee sec , and this state
is probably produced at a comparable rate to the Dz(c%ﬂu—) state, the
quenching of 0 (clz -) by 002 is clearly inefficient.

A critical test to demonstruta that O (c Tl ) production is a
recombination process [0( P) + 0O( P) + M= 0 (clﬂ ) + M] is to make 0(3P)
in the absence of 02. The classical way is to titrnte the N(ds) atoms
from a N2 discharge with NO, converting the N atoms to O(SP). Lawrence

11 20
et al, did not do this, as they believed they had evidence that N2

10
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doﬂumxmlnguJﬁ‘ Y, num’wnlnm mhown Lot this tz nob the cake, we
pltemplod to woke 0 (v & ™) By the obove tLteation tochulgue, wul weve
vompletely nuvvnuarul. Thv e apoet e war obmereed,  fneluding the
foue fnew bamda (oven with 80 hnw~Nn). Whnie, VU cloar that uﬁ“ﬂ
vevombinatdom 1 dnvotved, and that the bhande do Nebocome divestily Peow
amb Lent Oa. The tLteatod NB ponree Laomdvantageois (n that 14 4u posaible
to add dugt onough RO Lo cuaiivert all {he N(QR). without any oxcens,

whtheh allevigtes the problem of {he Nnﬂi ek rouml fowd in the ng
apeelea, O the otler hamt, NOWE Y bada may sppaar A8 aixiag ig poay,

I vvdey o ande vt and Uhe na(vl&uu\ Ponn pocend in oue avatom,
mensuveuents hove been mde oy the depemdenve of {he ug(vmx) Intennidfon
oy the n(“v3 vomeent rat o, We have abiained the selat bonahidp hetwoen
the nu(vnx) Intensi e and e Bavkp roumnd Nu: v b intenndiion, as
Bhown by Mg, A The depemdence for eavhe oF fhie foae hoawda s cleaely
guandeatied that b, (he continmm tntenst iy iz pvportional te the sguaee
ol the e=X titensity,  TU G o be wxpected, amd oue veaitts so badioate,
that the continuum dntensiiy e alao propovifonal o the syuave o {he
n(“n) denabiy, iz bz hoemiae {he n(“v} fopmat fon epate o thie diachavge
lqummmhn~nmmnmlmmltnthn\wh‘ﬂrlm~ﬁmvnnnmmu“gN0.nnlhm
douby bing UksU( P) pradduetion pate guadvapios nu~\0 ' DhnhUWlnu ale,

Wl the continuum indenat by poportional to n(hﬂ .nmlamutn
the agvarte of e v=N Wntennd oy, then 44 tollowe that the e=X Intonaily
La proporiional (o the fleet poawey of tma\'\ﬂ. Thiz bndieates that the
pPrimaey Josg mechaniamn of \\‘.(\"}Tf“ O in vue avatom is hy 0(“\‘) yaenehing
{v 9 quetehing 12 o lena Tikely puﬂqihtlitv\ iuve the pradastion rate
Crevaibination) a2 propoettonnl o !u( P\} ad The stemly atale Ug(oux)
tntensity Lo propoavtimal to (peoduetion) Gosad, & conflemation of thia
conelugish voles fﬁnnvqmotvn tokew at dUFfovent digehavge pawey tevels
fand thuz QL Torend, U( P) dendltionl, “hlvh lune that the eloavedt O \o -\
upeclry mvImmvtaMmiﬂ\Mummmiﬂ(PH.\mwmndmnnatmn Hm\humm

13
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dependence v D0 PY Eq ofF a lower oider than that of the other ol agiong,
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In the oa(a-x) ayatem, on the other hand,  the intoengity is proporvtional
S T oo

to [0(‘PJ]Q, an dnddeation that 0(‘9) quenching ig not the wajor loss of

K+
OQCA S“ o Wo also fdud this to be txwe fox the now band ayatow,

14



CONCLUSIONS

Our conclusions concorning tho source of Oe(clz“-) in an O(SP)

afterglow systom can be summarized os follows:

(1) Oz(clﬁu-) is goenorated by O(BP) 1ﬁcombinntion, mnd its
omissions can bo soom in amy system where the recombinatioa
rate is sufficiontly high; with our detection system the
combination of [O(SP)] » 3 mtorr and P = 15 tovr is sufficiont,

(2) The idontity of the third body is not very important, but the
use of CO2 results in o clean speetrum,

(é) It nppears that 002 and N are veory inoffective quenchors of

Oz(clﬁuu)v
by 0(%P),

2
md that quonching in our system is controlled

=0’

It is now difficult to understand why tho Oa(c—x) systom had not
booen studied mnd charncterized decades ago, Wo have produced it in w
fast-Llow system, in n slow-flow systom, from O(SP) ntoms, from tltrvated
N atoms, in an He bufier, in an Ar buffor,mmd in puve Nﬁ. It is, in
fact, casior to produce than the woll-known 02(A-x) systom,

The visible roglon also contning what appenrg to be n now Land
gystem, probably in O, ulthough we hava not yet been able to specify
the transition,

The total absonce of the O (c-X) emission in tho terrestrinl
sirglow, and Llts presence in the Vapus ntmosphere con be exploined by
the differonco in pressures, In the rospoctive omitting reeions, thoe

20) e

3 2,23 11 3
0C P) densities sve similoar,” ' on the ovder of 10 ntoms; cm . However,
the total pressure in the Venus atmosphere is ~ 1 torr €O, whoreas in

the ehrth's atmosphere il 1s closo to 1 ntory, wmainly N . Thus, the

3

: 2
ratio [M}HFO(JP)] is ~ 117 in the terrestrinl atmosphere ot the omission

5
penk (100 km), snd ~ 10 in the Venus atmosphore,

15



The ditferences in the two syatams cun wnst Tikely be oxplained on
the basis of lsboratory observations., In atom recombinntion, a molecule
ig stabilived by rvomaval of swall dincvemonts of cueegy by u third body,
Thua, molecules in high vibrationnl levels ave {unitinliy formed, This

is abundantly clear in the ntmospheric spectrn ol the O_(A-X) omission,

. 2
where only high vibrational levely ave (lnt:cwmd,m md also in the
1aboratary mmotru,ad wheve oven at prossures of ~ 10 tovy O " or N "
high levels still prodominnte. On the othor hand, both in the Vews
atmosphere and in the laboratory, only v/al levels of the O a(c]}:"-) stata
are segn, Since the state 1s indtially fovmed in hpgh vibrational
lovels, vibrational relaxstion wust bhe very raptd, However, in the

earth's atmosphere, the NS! proassure s quite low, sand An any cuso, N,

L

mpy Not ba a very good vihvntimm] deactivator for 0, (x-]_, Y, compaved
to coa, Furthormove, the M 10( Y :*uttn Ly m!sm\-elv mw go that
it 0 (c Tu ") is vupicllv quenched hy 0( P), ng our resalts indicnte, it
ia Hkal\' that OC P) quenching predoaminatos uwvoy NI:’! vibrational relaxa-
tion. Thug, one cannot see emission frow Oa(vlyu-) in the 4000-G500 N
vogion in the terveatvinl atwosphere {(as in the Vonus atmoasphors)
because the molocule hag littdle chance of gettlng down to .0, EBEwmilaston
from higher vitrestional levels which occurs in the ! Nmu-qonu.a\ waplon, is
not prevented, but then it is dntormingled with the O (\-—\‘) omd raion,
On the other hand, in the Vonus atuwospheva, \\'l:h n omich highov
\17 o l‘ﬂ ratio, vibrational relaxation of O (t‘ ) 1w Pustor than
o¢ P) quenching (the €O a pressure is within mn m‘dm' of magnitude of
that in our laporatory mensuroments), so fhat the moleculps ave Jriven
down to v/=0, PFurthewmore, Fig, 2 indleates that Oﬂ(Aaﬂul) is quenched
oy CO’B' al though no systomatic wmoasuvenonts on this point exist; thas,
it 18 to Le expected that 02(.-\-x) ouission will nolk be obsorved va Venus,
Yo feel that the tli;i‘l‘.o:mn‘t 'l '!‘0(31‘)] rtio 4n the two ptmospheros
is the predaminant reason for the ditference in the rvecoubdnation

emlssions, Detalled Kinetlcs wensurements nre stidl weedod to prove

our arguapents,
16
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€O, PHOTODISSOCIATION, 1060-1175 &

T. G. Slanger, R. L, Sharpless, ond G, Black
Molecular Physics Leboratory
SRI Internstional, Menlo Park, CA 94025

ABSTRACT

The relative 0(1S) quantum yield from 002 photolysis between 1060 't
and 1175 R has been measured, to sort out the discrepancies between two
prior publications on the subject., Whereas the yield is near unity over
a considerable portion of the spectral region, there is an abrupt dip to

g
o¢ts)
location of a very strong Rydberg transition in 002, it appears that the

<« 0,15, centered at 1089 R. As this wavelength 1g also the

low quantum yleld is associated with excitation of the upper level of
this transition, the lﬂu state. The O(ID) vield at this waveleng*h was
found to have a minimum value of 0.65 4 0,1, In conjuction with the
lack of any observable fluorescence it i1s concluded that dissociation

1l 1l
on the 0( S) + CO and O(' D) + CO surfaces probably accounts for all the

input energy.

=




(To be published in J, Chom, Phys, Feb, 1, 1978)

1
0( S) INTERACTIONS~-THE PRODUC'' CHANNELS

T. G, Slanger amd G. Black
Molecular Physics Laboratory
SRI Intornntionnl, Menlo Park, CA 94025

ABSTRACT

The flirst mensuromonts ore roported of the reaction pathways for
1
the interaction botween oxygent ntoms in the 4,19 eV 8 state, and four

molecules, N O, €O, H O, and NO. Distinction is wmnde between three

3!
pogsible paths—-quenching to G(ID), quenching to OCSP), ad chomical
reaction, With NQO, the most rensonanble intorprotntion of the daotn
indicntes that thore is no reaction, in sharp contrast with the intor-
action botwoen 0(1D} and NDO, which procecds entirely by reaction,
Similorly, there is no reaction with COE. With HQO, tho reactive poth-

woy 1s the dominant one, althouph electronic quenching is not negligible,

1
With NO, O( D) is the preferred product.

2]
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(To be published in J. Chen, Phys, Peb, 16, 1078)

C02 PHOTOLYSIS REVISITED

T, G, Slanger and G, Black
Molecular Physics Laborantory
SRI International, Menlo Park, CA 94025

ABSTRACT

Measurements have been maode of the absgolute oxygen ntom yields from
' 002 photolysis at 1470 R and 1302-06 R; in both cases the yield is unity.
The CO genzration rates have also been measured in these two wavelength
regions, and they are proportional to the oxygen atom generation rates;
. by impliecation, the CO quantum yields are thus nlso unity, The CO
deficiencies observed in earlier work on this subject ore probably

caused by heterogeneous processes,
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