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CHAPTER 18A

18. ITON-NEUTFAL REACTIGNS
A. THERMAL PROCESSES

Eldon E. Ferguson
Aeronomy Laborotory
National Oceanic ond Atmospheric Adminisiration
Research Laborotories
{Lotest Revision 25 February i975).

18A.1 INTRODUCTION

Progress in the field of ion-neutral reactions has been very rapid
in the few years since the first edition of the Reaction Rate 1landbook
was prepared. The numbes of atiospherically retevant rate con-
stants Bnown has multiplied greatly and most of those nreviously
Fnown itave Leen improved so g an almost complete rewriting of
this chapter iprepared Ly Wade [0 Fite in the first edition of the
Handbook) was - alled for, the convenient format of Fite is retained,
The emphuasis of this chapter is on data tabutation. The reactions
reported are positive- and nepative-ion charpe-transfer ielectron
transfer with neutrals, ion-atom-interchanpe reactions jchemioat
resrrangetnents, and three-budy association reactions,  Assoclative-
detachment reastions of negative ions arc covered in Chapter 17,
The survey is restricted lareely to low (near-thesmal) energies,

Some vsefil peneral references and review arvticles are:

ta' Sinnott, G. AL, Bibliography of lon-NMolecule Reaction Rate
Data, LA Information Center Report No, 9, 'niversity of
Colorado, Bonlder, Colorado (10,

b Alebaniel, B0WL, V. Cermar, 5 Dalparno, bLoE. Ferpuson,
and 1, lriveasnan, Ion=-Moled ule Feadtions, John Wiley, New

. -
Yaorre 17y,

o Hodhstim, ARG, Rde, tiabliography of Chemical Finetics
antd (ollision | rocesses, Plenamn 'ress, New York (LG,

dy Franshin, o1, .G, Dillard, 11 M, Rosenstock, 1. .
Herrvon, IN. Draxl, and 011, Fiela, lonization 'otentials,
Appearance Potentials, and Heats of Formation of Gaseous
lons, [JHRDH-ABS 2, U5, Govt, I'rinting Gffice, Wash-
mngton ( Fanty,

t=1 Schiff, 11.1., Ed., Proceedings « f the Symposium on Labora-

tory Measurcements of Acronomic interest, Can, 1. Chemn,
A7, Noo 10 o]ty
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O Tergvson, Dole, Ann Cosaoahes, e, S g,

o Dereanon, P, A, Geaphys, Jogomie e,
-t Provshin, G0l o, bde, Ba-Motecule Reactions, 2 Volaes,
Poetoati boresa, Mew Yoorr 01 0720

Chiemn, Res, 3, 402 5o,

L
-~
'
L4
-
[
b
-
P
r

Por_onon b b, Taboratory Measurements of D-Hepion

oA e e Mo f1ans, a1 sner Attnossherso AModels
By i

ard Helwted roaaericents, G Frocoo, Bde, derded,

FroFerpaa on, bor, Ann. Geoshys, s, dad ] 72,

£ rerpguson, ok, Revs, Guophys, Space Phys, §d, Tod

I ]".r"f te

18A.2 TECHNIQUES

he experimental teonnig tes in ase are desoribed in detarl in
Claanter o, an reteret v 1tenn b above, and elbsewheree, inly brief
reterence n tate ere o re ent advances which have led to new

Yeadtl ot erate Gata,

124.2.1 Staotionars Afterglows

T e o mtatienary ablerplows for aononeuiral readtion studies

i ocdem monen e, O e Dt rrant stadhies Peference LA an

Phes cones L1t e bde sy sted Lete o oeen carried out with and wath-
it oarided ater vanor, loorang at Lodh pomitive - and pegative-ion
P emses, U her W Fy P eleretcen IoA-d, TEAss las conmcentrated

ot dataspte e e lans, varyine the pas temperature from o 1s-

}af- 2. ? :!o.-.'i"a A'F.'“l’gl(\f-‘

it - attershon techag e, oo versatile meethod for jon-

¢ staedies e the senre o Leing applicoble to a wide
soan_e b e atel etea] readtants, has bheen extended to cover the
tesiogerat ire vanpe co=0 G0 B for sonie readtions (Beferences 1EA-,
Lo o s e anplivd foometal-ion reactions (Reference FRA-10)
v e ke b reac o B eferences FRAST throngh 1RA-9),
The tnetioad bas been appdied to mcasurements of atmospheric-ion
charge-transfer with sodium (Reference 18A-10) and ion reactions
Athowater (References baAa- B through EXA-13 Tne NCAA system

18A-2
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s remeed o Chanter o taes e eoateneded 1o hflltiy Cooaned (o0 reu tans

WAt cheetrontealny enoied U, A Peterence TeSe D), and ta sty

[EHTERE S B S T T S A O L I S T I - et bal rean tho 5 'l!‘--hu.;;ll\:“}‘ ih

A Lar_ e transber o bhe T wath oL Beterens e oA e,

15A.2.3  Secondar, tont in Mass Soecttometers

Thee s amr cmte v neter atte st techgag ie, b tha starnetard

. T ITL R TS T L1t st ey, habs aatiee T eI tant ETEREE TR TR P
1oteesabierie e T -t Lt Fhe oo iization sonroe et
Ul arnes s cpetercnoes beSoo e e o BU s el oweerd et caen e -

Pl caloe D anaoer oo .'-'. & ‘hgliu\‘:'l\ reas tlois, ,_l':.l‘rdll'_y LN o 3 =

Pty carLier abte el resthts, Phe ps toone stadies o ralson

veterenae P S- b bave bl wen sone b cc st ol o s pher

T tloatm o e et el Croadei s T L Isee sl e tadtieetd ehata
R wraerey enendeno e b o ertalr rean anis, and bas albsoo entenderd
R ttass et roneter Coothe stiay of ronospherio necative bone
saotereiie Peaal o, b enarte daetereraes eoa20, RS20 bas

Poatte o arr ettt theas irennents D ra and Three-nody reactions in-
Vvl water, wha Dare dfftendt o o ctherwise,  Cebarle and also
Gty Leve neas ared e iilin o, Coaastants In Blgh-pressure mass-
Savctrocreter panos g es, adding ereatly G snowledee of the

irr s et ) esnhery sl hernostry,

1HA . 2.4 Croverd-3ear Frperiments

et ol Darner and Mathertord oot Chapter 0 ontinues to
rosbar e baroas wrre gttt s ot valtandle noeshierts anformation on oCharpe.
fratehe U or esmen, Sotic for osnittve and necative bons, al energtes
s~ P eterence LaA-200 e relative con-
sty Lyl cetrans el rate e tatts ir oo the P levels Lo

et e e st b s o reascea e estranolation of the low-

Croer o r saenle e data 1 Bty coases, Dmnortant dati on hie
RTINS Doereeptenioncate b, wle soare aitmost cavatbanle by any
rep te e ne, boeve i e bt R efereuce 12230 T he
T L L SR 0 S LR SRR RO PRNU DS \‘l‘:‘H.l'.'l:i!.\' tn the rinds of

Ve tar! SRBNE e - # T

13A.2.5 D:ift-Tube Te ~hnigues

Sonvery pronasing cew develn cnent s the gae of dreift tubes o
stndyv bonespheerie don-neatral recdtions uer o ranve of energies,
froo: thermal levels © several clectron volts, rot atherwase readily

accessibles TThe works of Ptondl (References E2A-20, 18-85,

18A-3
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Varney iReterence IaA-2oy, NHasted (Heferences TaA-L7, taa-20,
MoDamel (Refervmne T8 -2 9, and Fanero (Reference 1ha-30r are
vshevially noteworthy,

18A.3 XAMPLES OF IMPORTANT
IONOSPHERIC REACTIONS

Several of the more itbportart wenospherio rea tions are discassesd

I sorne detail an tins section, A varniety of different types of reac

t

ttons are discassed an ordor t0 nomnt e ditterent pands of problems

whieh artre,  hevivws are o allablse Ly Fite (Meterence Tai-31) tar

avronoln ;u»hi'l\‘t‘—lu!_ Feacllons, atidd h'_' Farcusoo - Feferenoe o0 -

il tor av ool et atlve -=1lot Pedr Tlogten,

184.3.1 He - Ny = N° - N - He

= Ny - He

This is wi enatnipie ot e o the sinplest wonosuberic reactions tn
e theasured, involvine an b oof o0 stable neuteal reacting with o a

stanic e diral, Comsegquently o ninoer G feasitrennetds 1hoa Variety
srsperinents s inno o vl e B N RN YO S SO  PPE
Fate constan! Is 1h=eh=liive o tetnperatinfe Varlation ahed to vibra-

LRt ewo bttt G The 1ttty e, e branc bty ratlo, 1., 1 |
oroediret ety dn less cortarn T Thee rats scanstant seannsrenent ,h
sitce hoanvoives o rnoewhedoe af the sarrphinge elticiency cas o tine -
it ol ttass o the toess spectrometer, which s innecessary for
thas rale-cnnntatt boeasurersent alone 1o ertain tes nmagaes, | he

Soooratin s netween sne and tao, and desends on thie nitrogen

Vihraiional ternneratire, Phae reactlon 1s theal Tesollabt harge

.
-

transfer antn the Io G state, wihine b othen radiates the second-negative

systen o opive sront destate To, r nredissooiates o give o 1 Mei-
cremoe Led-lan, fhias s oo o thie b reactions for whiclh the

prudm! stdes are well rooan, There s evidenoe that the M) b

b ed 1s rotarionally exonted,

18A.3.2 O - Oy “ G, - O

This reaction nas Leen measared by several worrers: all results
are tonsistent with v 2.0 x 107 D1 g0 12 0np? sl dur the
ternperature ranpge Ao 00 B References IaA-3 throush tad--0,
Recent data on the enerpy dependence are prescited by MoFarland
et al Peference IbA-33,

18A -4
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CHAPTER 18A

194.3.3 O - N?-No' N

Fhas reaction bas beeen studied tn preat detarl, often wath: conflict -

l 3
[} - .

it results, The vate constant as o2 o Tt osed at sun I, ang
dev reases Loeoaton! W b L3 vt ose al c o reterence oA,
e readiol«rate cotstant s extrenely sensitive o the nnirogpen
vinralional ten peratare, inoreasing sharpiy tor Ty 2 Pl b (et
crence T2As5dn 0 facher energtes, wnere the ©F qanetic energy

v vetds 0 e e rate constan! s so e reases sharply ., i1 sevtns
Mrely that s the Binsjeortant otienniac e Yo ralare range ik

S b e ellen Uool BT e V1L Patloiag =teln e ratare 1o rease will
chortarate foe elle Y panetlc SeUTUY 1N Feane, roatieroe o al 1 Ref-
vrence DrSie 3 bave conlalned 1 Posasnes o data ol 3o rineli
crersies froms thertnal levels tooano ! cne electrons volt, C Malley
Lees develoned a theory far s reo on o whiaol ylesds sodite entragag -

‘e

Letteott tables Heltveretoe - %= o, e beeriate] el g baave i t-n!!y

provided exnproesasl s ter The clarsy depehdenoe Foeleronoe boa- 3

1BA. 3.4 Njy - 02 - Oé N

Ganimen et al b eleretioo e brSu-2 0 e the Fate cohsbald tu L
ROCL B S Fooand o dedcreasc reccilarly o anout
1 Ty H" R . R SIEERY I vlar_s .‘L;‘:.t“ % e lestraan oy 11'.. i
g Fees L ry e Pornrsis e b mane-adterscen data Foterers e 1-ov-an
10 e res ety ol e riaa, dees 0 0 S apore coannrebensive e

pression Lor the crerov denendenor Las recestiyv heel providen iy

ol arland erowl crerere e - o,

i Peoae 11 00 s se s e 1000 DT L Yt e Tl ARSI TEE SR
' -
toatel 2. ) ' HH hoes et e e, Fears C)el o= L0l oam
B R AL S P S | Tt niowaan T, sl e P tallt 1 g et readiy,
T I el gl st it Tral raean e L emta bl Tl e
L L n] et f' LTS N S B A L RS P L | ITEN R o EEE ST EEOTERS LS KX FT RS LS S o S S
HE R e T T T Y T TR T T R R TR S S

18.3.6 Mg - Cq = a0 - Cy

TS T Lot s at Tt oo nimtant ARLERPTL ter 0% . (] : R
Poderenoe Do ared rennesents aocind of reactier ada s aanei-
ol bty reaestire Do aise el ;;ru'!-l:-r: P T TS TS R TEOTI N ML R AU PRY FRNCE Y |
neatral reastants, T he noewasurenients are correspondingly ess g -
curate than for experitmentatis stmnler reactions, and such detaiis

as the cnerey dependence of the rate constant are not available,

18A-5
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18A.3.7 O, * Na = Na + O

This reaction and the analugous \:: and NC' charge-transfer re-
actions have been measured in a flowing-afterglow system {Refer-
ence 15A-10), the rate constant for the CE reaction being ¢, 7 x jo-10
cm?/sec at 300 K, Reactions of ions with neutral inetals pose prob-
lems in measurcment because of the difficulty of handling and meas-
uring the neutrat reactant. liowzver, such reactions are oeing
treated in crossed-beam experiments, down to a few electron voits
f lon enerpy 1see Table I8A-0), Hecause of the difficuliizs enu-
merated above, crossed-beam measurements will probably supply
the bulk of usefut information of this kind for some years, in the
vase of charge-transfoer reactions generally, the rate-constant de-
pendence on cnergy is usually relatively slight, so that the tong
extrapolation from a few electron volts to atmospheric temperatures
1s not so hazardous as would bie the case for ion-atom interchange.
However, for ('Z + Na the extrapolation gives ahout twice as large
a rate constant as the flowing -aftergtow measurement, and for
N+ N the discrepancy is a factor of four, the extrapoiated beam
result again being larper.  An unportant detail about reactions such
as this which remains undetermined 18 the chemicz i state of the
vroducts, i, ¢., either G, or U » C vould be produced in the present
instance, B

18A.3.8 O, - Oy - M= 0, - M

This reaction is particularly important witn respect to the D-region
chemistry (Beference 10042371, Reactions such as this one are diffi-
cult to measure in the laboratory and good rate data are correspond-
ingly sparse. 1he problem is comnmpounded by the fact that several
third Lodies (M are of potential importance in the atmosphere, and
by the additional fact that three-hody rate constants are markedly
remperature-dependent. Much of the aunospneric interest is in the
D-regior where 1 < 300 K, which is not a readily accessible rance
in mmost laboratory experiments. For M O, and T 298 K, Durden
vt al i Reterence 15A-203 find k2.8 x 10-30 ¢m® /sec for the above
reactiun, For M tleand T BO K, Bohme et al (Reference 15A-8)
find ¥ 3.1 x 10-2" «em®”/sec. ‘This illustrates the marked increase
in rate constant with decreasing temperature, a very generat finding,
It is unlikely that helium is as effective a third body as molecular
oxygen at any temperature. In the analogaus N, reaction at 300 K,
motecular nitrogen is 2.5 times as effective aszhelium, for example
1Reference 1BA-8)., This reaction t.\'i * 2N, T .\'3 + N) is about
1% times faster than the corresponding OE reaction cited above,

18A-6
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which s attributable to o larges & dissouiation energy, ‘fhree-
body assoriation rate conistants are expedted to increase markedly,
soth with the dissadiation energy of the complex formed and with
e siaes ot the molecules involved, as well as with o decreasce in

felliheratnu e,

184.3.9 05 - Oy - M =03 - M

s recormend flat 0, b rination may e o Breal 1o rtance in
. A . " . .
Deresion nevaenive-1 0 v hemis!ry Reference 124 -30), owing to a

ey T CNG RO U, , whidch
-+ 3 -

partter b ranid U, e Meann e

irat toostanie toti-electron-detaching products, 7Y s reactnion
appears oo be gudte soow; Mobomight and Sawina (Reter snee Tga- 30
reuor: r v a0 Gt aec ar 310 B, from dift-tule studies,
Tihis i an order of nenitude sbover than the cnalogous C) positive-

10N ann L lation al Fooit teniperattre, suggestinge o definite anormaly

Inasing as the O, dissoclation enerey 15 thoupht to be greater
s hd i N - -
eV tharn the G, bhond energy ithoal oV,
-

18A.3.19 NO, - NO, = NO3 - NO

Phas redction i obhaerved St e place with a rate constant of

. » : N « n . . .
tpnreNntcely s Feinl? w0 iteference 1eA- 30, indicating

gt iom wl 2 BATU eV o that AN G gt 20T eV oat

Peant, wisd pratanly 4 5ol en, Sdiditianally, these data seem to

crtanliab il the Peserse Feas ton (- crir 18 endothermice,
Wewer, 0t hans also Leen Soond  Feterenmoe 12A-400 that a furm of

ato e nroaduced which readts readily with MNC in the laloratory,

Poresosaanty thas U0 s w different stanle geonmietrivat foren of the
Bt et Fluag Doarttotia Lot ; folyatornie ions are Fnown to exist

T T S
FLS TR R

ix nerid tarms, e o, L-lvsG-GT and -7 -0 in the
-

UTesett Thst et Chim o magoestr o ;Jnh‘t‘.'lf.k. sotrce of erroran cer-

il Lt rate Ty s me Tyt n, oam well as o a consitderabde additional
tapemtty Dt Dioresten cnenastiry, where sl tactorys may

T it Sto Pt Stk setc e Dot the GOk et stey in partic ular,

she eleore o affiigty s TG, Bas been determined to be 20 3= 2 0, e
eV Peference PoA-d b and tiat of 505 has been determined to be

oot o 2 eV R ety rence 1o AR 20

18A.3.11 The O, - HyO Sequu:. v

+
A reation scherne wohich proceeds sequentially from O to

t1.C T - 1,0 and higher hydradded clusters, is Fnown to be very
4 2 ) Y

1BA-7
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significant in the D-region. The three-body association of OE to O,
discissed in subsection 18A, 3. &, is efficient at approximately 200 K

in the D-.region. Following this initial step, the sequence proceeds
via:

3 ) O;-H:U-u:-ll..ll-", 1.4 01 N 1.6

®) 0 Hpre MO KO TN - 0, R R TR T T

CHLOT et e, $ 310 .30

T

- -9 % or
9 MO OH « M0 =H O - 2110 L2 1.4+ 10

. Ile ¢ UH

These are followed in turn by further three-hody clustering of water
molecules to the hydrated cluster-ions, Reaction (¢} (producing

1i30%) is almost certainly endothermic and presu..uabl) OucCurs as a

| conseguence of vibrational excitation of the reactant Oz 11,0. This

' may account for reported variations in the branching ratio represented
by reactions (h) and (c), with different experimental conditions,
Fehsenfeld (Reference inA-41) has found that the reaction:

(el O;'O"O*'O

2 3

has a larpe rate constant, i.e,, k - {3 + 2) ¢ }0’“) cm3/sec. This

plays an important role in the O - 11,00 reaction scheme in the D-
region,

’ -1 q + . . R
In addinon to T, 11,0 production from G,, direct C, hydration
van ouudr:

1f} 05 - 11,0 - M *O',-l!,() + M

[

Howard et al have found the rate constant to be 2.3 ~ lO"'h Lm "/sec
for M - O, at 296 K. (Reference 18A-13), and Good et al (Reference

15A+-21) and Fehsenfeld ¢t al (Reference | BA-9) have obtained simi-
lar results,

Itate constants from Feharle (Reference 18A-21}, in cm%.’sec.
Rate constants from Fehsenfeld (Reference 18A-9), in cm?sec.
" Rate constants from lloward 1Reference 18A-13), in Lm3 sec.

18A-8
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CHAPTER 18A

18A.3.12 The NO' - H,O Sequence

The sequence of events involved in NO' hydration in the D-region
has been shown {References 8A-1, 18A-12, 18A-37, I1BA-:3, IBA-
+4) o include:

F H P

4} NO H,CeM - so'-nzo .M, ke Lox 107281 4 a 10728 fle w1072 cm® nec.
(% NO-HO+H,0+ M _-No'mzmz comL =1 0a 108 120107 1 a 1073 em® aee.
L ‘lalo.“ I.?:IO-I‘ l.ialo-“cmjllch

* - - - T
fey NO m,mz‘uzc:ou.-.wzo’mzop,ou coac20x 007 e x 108 19w 10T em® we.
ko= l.dx 107 21,4210 192107 2 em e
. i . . -11 -11 <)

41 NO(H,0) « 4,0 ~H,0 (H,01,+HNO, k: 8x10 Ta107 L 7107 em M/ sec.

The results presented above agree remarkably well in view of the
complexity of the ccupled reaction sequence,

18A.3.13 No; s NO-NC+ NO,

This reaction has beer found to be very rapid; k = 2, 9 X 10-10
¢m3/sec iReference 15A-45), which is important insofar as it con-
firms that II’(NO,) > 1P(NO),

18A.3.14 NO - co, - M~ No’-c02 + M

The re.'%g:tion, ~here M = N,, has been found to have a rate consatant
of 5 « 10" cmb/sec at 197 ¥ in the afterglow (Reference I BA-46),
Furthermore, the reaction NC*- CU, + 11,0 — .\'O+-HZO + CO, is
very fast, i,e., k ~ po-¢ cm3, sec. Thuse combined results are
important in that the €0, association with NQ', followed by the

Rate constants under "}~ (via flowing afterglow, where M - N}
are from: Fehsenfeld et al (Reference 1 8A-33), who also report
data for M - lie, Ar. Rate constants under 11" (via flowing after-
glow, where M - Njp) are from lloward et al (Reference 18A-12),
who alsu report data for M = lle, Ar, Op. Rate constants under

I (via stationary afterglow, where M - NO) are from Puckett
and Teague (Reference 18A-44). All data pertain to room-tempera-
ture measuren.ents.

18A-9
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rapid "switching” of CC, and H,C, appears to be a more rapid means
of hydrating NO% in the D-region than the direct three-body associa-
tion of NO* and H,0.

18A.4 SUMMARY OF REACTION
RATE CONSTANTS

Foilowing are several tables of reaction-rate constants of atmo-
spieric interest: Table 18A-1, positive-ion charge-iransfer reactions;
TaLle 18A-2, negative-ion charge-transfer reactions; Table 18A-3,
positive-ion atom-interchange reactions: Table 18A-4, negative-ion
atom-interchange reactions; Table {BA-5, three-body positive-ion
reacrions; Table 18A-6, three-body negative-ion reactions; and
Table 18A-7, the Gulf General Atomic charge-transfer reactions of
positive ions with metallic neutrals, The latter are kept separate
because they form a cohesive set of data and because of the special
extrapolation methods used to estimate the thermal-energy rate
constants, Throughout all tables except the last (18A -7}, the rate
constants are reported in the form m(-n1, which designates m X 1078,

U'nless otherwise specified, rate constants were obtained at room
teniperature, Ior some older measurements, review papers are
referenced rather than the original papers.
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CHAPTER 18A

Table 18A-7. Charge transfer to neutral metals. *

——
Measured cross-sectian Extrapolated value of
Reactian for ions of 1 eV (at the thermal-energy rate
center af moss) constant
(cmz) (cms/sec)**
|
N'+No=N+Na small
O+ +Na=-Q + N-o* smoll
N, + Na =N, ¢ Na' 3.0¢ 107" 1.9x107
O;+Nu-02+ No' 5.5+ 10" 1.4x107
NO +Na=NO : Na L2xi0 P
+ ' -4 -9
H,0" + Na=H,O +Na'| 2.8 <10 2.7 x 10
Hy0 ¢ Na= HyO - No'| 2.4« 10714
N,O" “Na=N,0:No'| 2.7» 1074 2.0%107
Na +Na=No+Na 2.3 10" 2.8%10°°
N - Mg=N: Mg REA RS 1.2v10"°
O ‘Mg=-0O-Mg small
‘o . . -4
Ny < Mg~ N, ‘ Mg 1.8 710
: . -15 -9
0, Mg=0, : Mg 7.6 %10 1.2+ 10
NO < Mg= NO+ Mg 1.4x107"% 1.0%10"°
Hzo‘ + Mg~ H,0 s Mg 1.8 197" 2.2+1077
H,0 + Mg=HO Mg | 8.8+ 10713
N0+ Mg=N,O - Mg’ 2.6v10° " 2191077
' : -14 -9
Mg +Mg—-Mg: Mg 3.8-10 4.7 x10
N +Ca=N:Ca 53107 11107
. | e
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Table 18A=7. {Cont'd}

Measured cross-section

Extrapoloted value of

Reaction far ions of 1 eV (at the thermal-energy rate
center of mass) constant
(cmz) (cm3,/sec)*‘
O +Co=0:Ca RERL 7.54107 10
N, - Ca=N, : Co’ 3.0 107" 1741077
0, Ca=0, - Ca’ 1.5 v 10" 4141077
. : -14 -9
NO -+ Caoa=NQO + Ca 2.2+10 4.0x10
; ‘ -14 -9
Hzo +Ca=- H20 ¢t Ca 5.5+ 10 4,0»10
H,O' Co= HO:Co | 3.4+ 107" 4.4v10"
5 + -14 -9
N20 + Ca-NZO ¢ Ca 4.5+ 10 3.7+10
. 4 -14
Ca *Ca=Ca- Ca 6.0x 10
Measured cross-section
for ians of 3 eV (at the
center of mass)
lem?)
H :Fe~H:Fe 9.5 1071
N -Fe=N-Fe 1.6 1071 S 107
G Fe=0 :Fe 1.3x10°" 2.9x107°
N; Fe =N, - Fe' 2.9% 107" 4.3x10°'0
NO - Fe = NO : fFo 244107 9.1x10°1°
oé ‘Fe =0, - Fr’ 2.0% 107" 1.2210"
~ - -15 -9
H20 'Fe-'Hzo-Fe 3.3r 10 1.5« 10

* Table kinaly supplied by J.A. Rutherford {Reference 18A-83). Cf. olso
References 18A-84 through 18A-88.

** Extropolation scheme described in Reference 18A-89.
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CHAPTER 188

18. ION-NEUTRAL REACTIONS
B. NON-THERMAL PROCESSES D D C
David A. Vroom, John A. Rutherford, and Richard L. Vaigt M
IRT Corporation U

i {Latest Revisian 9 October 1974) DEC 8 N15

3 188.1 INTRODUCTION D

1The principal purpose of this chapter 1s to supply a2 compilztion
of da‘a un lon-molecule and harge-transfer reactions which are
1 of tnterest in atimospheric chemistry and physivs, The coustraint
: imposed by considering only reactions involving atmosphesic spe-
cies has led to the exclusion of a vreat deal of interesting informa-
tion on uther, non-attospheric, ion-neutral processes,

The toti—energy ranpge vovered by the data in this chapter has

] been set arbitrariiy at dpprosimately 1--~046 ¢V, The lower limit

i f this range was determiced by the varlier lack of data for most
reaciions 1n the recion between thermal energies and approximately
one electron volt, lhermal energy data are presemted in Chapter
. LA ANore recently, however, vonsiderable data obtained by the
use of flowing—atierslow drift-tobe methods ave bevome available,
and these data do cover the enercy reciime from near-thermal to
several electron voits, The latter informastion, toezether with re-
sttlts from drfi=tie enperinnents, bave Seet ingluded wherever
available.  The eoper Tinie of eV o was set arbitrarily such as 1o
he sreater thoan the enersics of moss esperiments which measure
in the low Sonevnergy recion, ¢ hapter 1o includes data ot still

i

doher vnercies,

132.2 TICHNIQUES

Phoe varioss tecknigues emnloved are Do the most part desoribed

15 Chapter 70 The enceniion s that of the Uowing-afierglow drift

.

s, whnoh Has only recently seen develaped, v complete desorip-

tiot ottt method s Civen in Pelerenoe 1=Bag,

The the o ot ol oi-nettral data obtained in the energy

Fatize anove e elecrron Vol as 0 e fronn experunents vinploy-
Ing an neare s, The seareagas ter hnlgae, as vn‘::[nyc(i Py Llese

atird Vlaner PFoeterenoes -2 i

thorotigh Totiear, antd the o rosned-

Sttt Tecbargoe ot tennites, Honthertord, and farner s elerenoes
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18B-5, 1813-0), are typical of experiments of this nature. Both of
these employ double-mass-spectrometer systems; in each instance
the first mass spectrometer is used to select the priniary ion to be
studied, and the second to analyze the products of collisions between
the primary ion= 2and neviral species. In order to obtain more in-
formation on the energetics of ion-neutral reactions, Paulson,

Dale, and Studniarz (Reference 18B-7) have used the double-mass-
spectrometer concept in conjunction with time-of-flight techniques.
This incorporatian of time-of-flight allows the translational energy
of the nroduct species to be measured.

Another L-am technique, merging beams, has been described
in two review articles (References 18B-8, 18B-9), This method
has the advantagce of facilitating the study of reactions in the energy
range from near-thermal to several hundreds of electron volts; it
can also give information on the kinetic energy of the products of
reaction,

Still other methods which have been employed are the mass-
spectrometer ion-source experimeni {Reference 1813-10) and var-
ious drift -tube techniques (References 18B-11 through 18B-13).
lioth these and the 1lowing-afterglow drift-tube experiment (Ref-
erence 1"B-11 give data irn the energy range from near-ithermal
io several electron volts. The two drift techniques show prumise
of being extremely useful for obtaining cross-section data in the
near-thermal-enerpy region.

188.3 PRESENTATION OF DATA

Most of the data piven here cover a considerable energy range
and as a consequ '‘nce are presented in the form of graphs. Inorder
to simplify use of the graphical material, ali the information per-
taining tu a given reaction is provided in the figure caption refer-
ring to that reaction. These figure captions include references to
the workers who obtained the data, together with the techniqueis)
employed, any data available about the effects of excited states of
the primary ions, any data available about the states of the product
species, and other relevant information which may be helpful,

1Pate co-fficienis t.r a number of reactions which have been

measured 2* only vac ion energy in the non-thermal region are
]presented in tabular form.

188-2
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188.3.1 Graphical Data
Two types of graph are included:

{A)Y The first type (in Subsections 151, 3, 1,1 through
EsI. 3, 1. 15) is used for data obtained at higher energies ~1-500
eV, Inthese graphs, the ordinate gives the cross section for the
reaction and the abscissa, the ion velovity related to that cross-
section,  This velocity is obtained directly from the ion energy.
The use of velocity on the abscissa conforms with the format used
in Chapter 15. 1t should * . noted, however, that the ion veiocity
does not account for any mwotion of the neutral primary species,
In most cases the neutral primuary is at room temperature (300 K)
and its motion is not of importance., For some atomic species
which are formed by thermal dissociation the motion of the neutral
can, however, become appreciable. The ion velocity will then be
found to differ {from the velocity in the center-of-mass system at
low collision energics. The mwotion of both species 1s accounted
for when the barycentric or collisian energy is considered,  This
parameter is given acvross the top axis of cach figure,

Data obtained using merging heams are plotted in the same for-
mat as is used for other beam data,  Here, the collision energy is
the enerpy at the center-of-mass of these experiments, The jon
veloddty giver on the abiscissa is obtined by taking a reasonable
value for the neutrat velocity and campisting the corresponding ion
velocity.,  The neutral velocity chosen is that which would be ex-
pected in o beam-gas or crossed-bheam experiment involving the
same species,

The higher jon-vnergy =~1-"00 o\ duta graphs are organized

as follows;

v Bata for cach neutral reactant are grouped together
ina given subscotion, These subsections are arranged in the fol-
towine order: The atomic neatral svecies come first (Subsections
betes 30 1. D through 1815, 3. 1.7 in order of increasing atomic weight
followed by diatomic (Subsections 180, 3. 1.5 through 18R, 3.1, 10)
and then triatomic (Subsections 18, 30 1. 11 through 1813, 3.1, 15)
molecutar species, cach in order of increasing moecalar weight,

21 Within each neutral reactant subsection, the data
for positive-ion reactions precede those for negative-ion processes
within this grouping the data for the atemic reactant ions precede
those for mwlecular jons, ‘1he atomic and nwlecular ions are ar-
ranged in order of increasing atomic or molecular weight,

188-3
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3) For a given set of reactants, if data on formation of
more than one set of products are available, the following procedure
is fullowed: If only one or two determinations of each cross-section
are used, the data are combined on one plot. If considerable data
are available for the different reaction channels, the data are given
in different plots which are then ordered as follows:

a} Charge transfer,

b) Dissociative charge transfer;

¢) lon-molecule processes, in order of
increasing .veight of the product neutral
species.

B) The second type of graph ‘in Subsection 18B. 3. 1. 1¢) is
used to present data obtained using drift tubes or flowing-afterglow
drift tubes, In these figures the rate constant is plotted on the or-
dinate. For drift-tube data, the electric field strength per unit
pressure (E/P) is used on the abscissa and the average ion energy
is placed at the top of the figure. For the flowing-afterglow drift-
tube studies the encrgy at the center-of-mass is given on the ab-
scissa and values of electric field strength per unit number density
(E/N) are given at the top of the figure. These formats conform
with those commonly used by workers in the field.

The reactiuns are ordered in the same fashion as for the higher-
encrgy data. That is, the information on atomic neutral species
precedes that for molecular species and each group is arranged in
order of increasing atomic or moulecular weight.
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188.3.1.1 O-Atom Reactions
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188.3.1.3 Mg-Atom Reactions
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Figure 18813 Crotssection for the reaction N* + Mg—=N+ Mg‘.
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188 6) obtained uting crossed-besm techniques.
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Figure 188.14. Cross-section for the resction N3 + Mg~ No + Mg'.

Circles ere the date of Rutharford et ¢l (Reference
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Figure 18817, Cross section for the reaction H2°+ + Mg — Hzo + Mg*. Figure 188-18. Crosisection for the resction N,o* + Mg —~

Circles are the data of Autherford et 8l (Reference
188-6} obtained using crossed beamn techniques.
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Figure 188.19. Crosssection for the reaction H:,o‘ * Mg *H,0+
H + Mg*. Cuwcles are the datas of Rutherford ot al
{Reference 188 6) obtained uting crossedbeam
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N20 + Mq’. Circles are the data of Rutherford
et at (Reference 188-6) obtained using crossed-
beem techniques.

188.3.1.4 K-Atom Reactions
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Figure 188 20. Cross-secton for the reaction He' + K =He+ K",
Circlas ere the data of Peterson and Lorents
{Reterence 18817} obtained uting crowed-beam
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188.3.1.5 Co-Atom Reoctions
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data of Leventhal, Moran, end Friedman (Refarence
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Cross-saction for the reaction N; + N, -+ N; +N
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Figure 18851  Cross section for the resctiur NZO' + Ny 0" ¢+ Ny« Figure 188 52. Crosssection for the reacton He' +NO~Ha+ R+
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Figure 16353, Crosssectian for t.¢ raaction N+ NO-+N+NO'.  Figure 18854, Crosssections for tha reaction o*+NO» 0+ NO'

Curcles are the deta of Turner, Rutheriord, end Triangles ara the data for matastabla O° ions and
Stebbings | Reference 188-39) obtained viing crossed: circles ara the data for ground-stata ions. Al
: techniques. data ara from Rutherford (Referenca 188:37) and

wera obtained vsing crossed-beem techniQuas.
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Figre 18B 55  Cross sction for the reaction Ny + NO =Ny » NO' Figura 188:56  Crosssection for the resction NG « NO +NO + NO”.
Circies ara the data of Paulson | Reference 188-30} Cwcles ara the data of Ghosh and Sheriden (Refer-
obtained uting besm-gas cell techniJues, and triangles wnce 188 40 obtaned uting baam-gas cwll techmiques.
ard tha data of Neynaber, Rutherford, and Vroom
(Refarence 188-26) abtained uting croed-besm
techrigues The azcess anergy in this resction s
wch that either the NO* or the N5 product may be
Iaft 1n an excited stata
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Cross section for the resction NO* « NO = NG « §° - Figure 188-58  Cross section for the rasction NG' + NO*NO+N+

0. Circies ara the date of Moren and Roberts (Refer.

ence 188 32) obtsined using 8 modihed 1on-source
tachmique
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Figure TBE 59  Cross sectuns for the resction 0;. *NO *0g no'

Circley ade the date of Peulson (Reference 188 30)
obtmned using besm gas tachnwues with § miaed
beatn  Syuares are ths date for metastabls 0;, th
angles {apex down) are the dats for e ground stats
bearn, end triangles (spex up! ars the deta for a
composite beam, 3l three sets of dats coming
trom Rutherford { Retersnce 188-37) 1d oby
taned uaing crossed-beam tachnigues

0" Guclasare the data of Morsn and Robarts

IReferance 188-32! obtained using & modified 1on-
source techniqua

Y LT AT

y ; L S TRET B T R
L T T T T 1TT7TT7T0 07T
4
ast oW s ufew
LI ) " ! ~4
-]
. - r
: -]
- L o, -
- o -
*
-]
A .
L Q
(-]
a l [ "
. b 5 o 4
e 9 q
L E
PR S N U T U | T T Y
[ .
AL s -
Boed

Figura 18860  Cross section for th rsaction Ha0' « NO ~* HZ0 +
NO™  Cwcies are the dats of Turner and Ruther-
ford {Raterenca 188 41) obtemed using crossed:
besm tachrQues.
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Figurs 18861  Cross-section for the reaction K0 + NO = H +
H20 + NO". Cirgles are the date of Turnar end
Ruthertord (Feterence 188-41) obtained using
crossed beem techniques

Figure 188-62. Cross section for th reaction He' « Oy~ He + 0 +
0. Triangles (apex up} ara the cate of Maier
(Aeference 18621} obtained using beam-gas cell
techniques, circles are the data of Fite et ol {Refer
ence 18B-42) obteined using crossed-baamn tach-
niques with slow-ion Mmessurements, squares ars
the date of Stebbings, Rutherford, and Turner
{Reforence 188 22} obteined using crossed-baam
techniques, and trisngles {apex down) are the dete
of Utterback end Ammae (Refarence 188-43) ob-
teined using 3 beam gas cell technique with siow-
wn collection
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Fgure 188 63  Cross sechion for the reacton N 0, *N+ O;
Circles are the ceta ot Neynaber, Rutherford, and
Vroom iReference 18844} obtensd using crossed-
bearmn techmques, and triangles are the dale of
Stebbings, Turner, and Smith { Reterence 188 27)
obtained using beam gas cell technigues with 1otel
slow ion cotisction.

Figure 188 64. Cross section for the resction N+ OZ*N +0O

0" Curcles are the date of Neynsber, Autherford,
and Vroom (Reference 1B88-44) obtained using
<rossed beam techmiQues.
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Figure 18B 65 Cross section for the resction N* + Gy NO' + O Figure 1BB 66
Cucles ate the data of Neyn.uer, Rutherford, and
Vroom |Reference 188 44) vbtarned using crossad-
besn technjues
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Figure 18867  Cross wection fur the 1gaction Né t0g *Ny 05 , Fwure 188 68
Circiet are the duta for both reactants having a mumi
murn uf internal energy, syustes are the dats tur N;
hawing minimum internal energy #nd O heated 10 .
1600 K, ond ttiangies (apex up! are the data for Ny
formed by 40 aV electrons and Qg having mimmum
interngl energy Al tlirye sets of data are from
Neynaber, Ruthertord, and Vrcom {(Aeference 188
44) obtained using ctossed beam technigues Tn
angles lapen down) are the data of Stebbings Turner,
and Siruth (Raference 188 27) obtsined using crossad
bearn technuues with 3'ow wn collecton
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it

Cross sections for the reaction 0° + 0y 01 O;.
Circies are the date for metastable O ions and tri.
angles lwpex up) are the data for ground-state 1ons.
Both sets of data are from Rutherford (Reference
188 37) obtaned using crossed beam technigues.
Truangles (apex down) ara the data of Stebbings,
Turner, and Smith (Relerence 188 27) obtained
us1ng crossed bewn techmigues and slow 1on col-
lection  No state selection of the primary beam
was used
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Cross section for the rexction 05 10, 02 + JE
Trangles are the data of Anme and Utterback
1Relgrence 188 35) obtamet using beam gas cell
technesues with total slow 104 collect:on, and circly.
ara the data of Stebbings. Turnw, and Smith (Re
ference 188 27) obtained using ~rossed beam tech:
nigquirs with slow won collectins,
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Fugure 1BB 69 Cross wection for the reacyon U-} +0,;, 050 Fiugure 188 70.

Figure 188 71
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0" Circles are the dats of Moran anc Hoberts
{Reference 188 32) obtained using @ modified
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Croms sections for the reasction G+ U, <0+ Oy
Fiat rectangivs are the dats of Payison (Reterance
1BB 4%5; vbtened using beam gas ce'l techniques,
LHeles ore the date of Berley end Mahadeven (He

ference 188 46! obtened using & beam-gas cell tech-

ngue with siow 10n collection, SQuares ere the date
ul Snow, Rundel, and Geballs (Reference 18B.47)
obtained using crossed besm techniques. tnienglet
tapex up) sre the dete for a ground stete Oy tar
get end triangies (apes down) are the dete for ¢
metastable 02 torget from Mathis (Reference 1BB
48) obtained using crossed beam technjues, ond
diamonds are the dats of Hutherford and Turner
{Reterence 18B 491 obtained uning crossed-beam
techniQues
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Cross-section for the reaction Hzo' *+0;—~H O +
05. Circles ate the dete of Turner end Rutherford
{Heference 1B8-41! obtained using crossed beam
techniques
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Figure 188 72 Crosssection for the reaction NO™ « Q3 *NO +

O, Corcies are the date of Paulson (Reference
188-30) obtarned using beam-gas Cell technigues
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Fgure 1868 75 Cross tection fre the reaction 0 '+ H D0
Ho0' Circles ave the date of Turner and Ruther.
ford tReference 188 41) ohtawned uung crossed
beam technigues
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Fwgure 188 76. Cross saxtion for the reaction N; + H0
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Figure 1868:73  Cross-section for the resction O » O, = 05 + 07 Figure 18874, Cross-section for the reaction N' + H,0 =N +
Triangies are the dete of Rutherford and Turner H Circles are the dets of Turner and Ruther-
{Refarence 1BB 49} obteined using crossed beam ford (Reference 188-41! obtained using crossed-
techniques, and circles are the data of Baley and bsam technigues
Mahadevan (Reference 18B 46} obtaned using e
beam gas celi technigue with siow-ion collection.
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Figure 18U 77  Cross section for the reaction NO' . Hy0 = NO »
H20. Note thet the NG' must be n 3 metastable
state for the reaction to proceed at low energwes.
Curcles are the data of Turner and Rutherford (Re
ferance 188 41! obtesned uiing crossed beam tech:
niques  The data are corrected for the fraction of
metasteble ons 10 the baam
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Figure 1HB 79 Cross section tor the reaction H20' + H20 o
H30‘ + OH Cucles are the data of Turner end
Rutherford (Reference 188 41) oblained uting
crossed beam technoues
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Figure 18H 80 Cross section for the raaction O + Ho0
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H,0* Nate that the O3 must be n a metastable
state for the raaction o procesd at low anargies.
Circles ere the deta of Turner and Ruthertord
(Raterence YHE 41) obtained uiing crossed beam
techniques  The data sve corrected for the frac
tion ot metastabla 12ns 10 the beam
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Figure 188.81. Crosssections for the reactions N' + NJO = N+ Figure 188-82. Crom sactions for the fesctions N3 ¢ N.O = Ny ¢
No0" icicies), N' ¢ NJO =+ NO® + N's N l1ri N,O" (trisngles) and N3 + NJO *NO% Ny o N
angles). and N* + NJO = N3 + NO (squarse). AN icircles). ANl data are from Murad (Reference
data sre from Mured {Reference 18B 50) obisined 188-50) obtainad using beam-gas cell techniques.
wsing Leam-gas coll techniques.
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Fugure 180 83. mummumumo‘ouzo-mo‘o Fugure 188 84. Crom-saction for the rection O « N,O 03 + Na.
NO Cwcier are the dets of Twrnan and Clow Cwclas are the data of Pautson {Reference 188 §1)
{Raference 188 38) obtswned uting beam-gm cell obtesned using baem- ges cell techniques.
techmguas, thangiss are the dats of Pauisen (Re-
ference 188-51) obtained using beam-gus cell tach-
mous. and the equare i the detum of Stockdele,
Compton, and Hewnhardt {Relerance 18- 52) ob-
tained using e produced by dimOCtive sttachment.
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Figure 18885  Cross sectron tor the reaction NO™ » N0 ¢ NO » Figure 188 B6  Cross section for the reaction N-‘,O' * N0 e 0 -

N20' Trangles are the data of Paulson [Reter N2 . N20 Cwcles are the data of Tiernan and
ence 188 51) and circles are the data ¢f Tiernan Llow (Retercnce 188 3B) obtarned using beam
ang Ctow [Reference 1BB 38). both obtaired uning g cetl tech iques
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Figure 188 87 Crusssactiont for the reaction 0. CO; "0 (.0:. Figure 188 BE  Crow sechions for the reaction o' . co '0::, .

Corcies pre the deta Tor grownd state G ana tranygles CO  Trangles we the data of Paulon (Heterency

oe the aata fur excited state U &) deta we trum 188 JO! obtaned ,iing baam-gas ¢oll technigues,

Tgenan tHeterence 1BE 29) obta.ned a1ng Leam Syuares and crcles are the data of Twernan (Re

g el techniguen terence 188 29) for ground state and eacited o'
w0, resped tively, oblaned using beem gas cell
technyues

188-26

Hevision No b June 1975




F

CHAPTER 188

iy 14,00 [NBLY o) wCLLI2T0B RHRGY oy
. : s e x x go 1 & % B0 e nNDM
Y T T 17T
. . p o 1
B ﬁ - =
LI 4 a -
Y
- S a -
&
& - d
.
= d & =
£
o a -
&
- ' A
l a0 & 4
B . U U VR VU S T S ¥
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Circles are the dats of Twernan and Ciow (Reference Triangles are the deta of Tiernan and Clavt
18R-38) and triangies are the dats of Pauion (Re once 138-38} and circles are the dets of Paleon
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Ciwcles are e data of Neynaber, Rutherford, and
Vrgom {Refersnce 188-54) obimned unng crossed-
beem techniues.
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Figure 188 105 Cross section for the reaction OH + O3 * OH + Figure 188 106 Cross section for tha raaction 03 +037 0, ¢ 03
O Circles are the duta of Ruthertord Turner, Cirches are the,datas of Rutherfard, Turner, and

and Vroom (Reference 18B-55) obtained using

crossed beamn technijues

Vroom (Reference 188 55} obtained using crossed:
beam technigues.

18B.3.1.16 Drift-Tube and Flowing-Afterglow
Drift-Tube Measurements
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Figure 188 107 Cruss section for the raaction NG,

» 03 *NO, + Frgure 188 108 Reta coetficwents 83 & function of collison energy

O, Circles ae the Jeta ot Rutherford, Turner, -n’tho cnntlr-’olrmu for u:. comnod:u:tiom
and Vroom 'Heference 188 551 vbtewned uiing NZ + OO0 +Nyand Ny O0~=NO +N

vrossed bean technigues

Squares wre the datas of McFariand ot o (Reference
188 56/ obtained uning flowing-sttergiow drify
iechnwgues, and the trangie & the thermal energy
datum of Fehsenfeld, Ouniiin, and Ferguson |Re
ference 168-571 obtaned vuing stergiow techniQues
Ciwcles are the low-ensrgy beem data of Rutherford
and Vroom (Referance 186 14} shown st higher
snargirs for companson
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ere the data of Heimerl, Johnsen, and Biondi (Re-
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spactrometer techniques
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Rate coeiticients as a function of E/P and of mean
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Crcies are the dats of Johmsan, Brown. and Biond:
(Reference 180-60) obtained uning drift tube mass:
pectrometer techngues
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LT

engrgy in the center-of mass for the resction o'+
Nz —~NO* + N, Squates ere the data of McFarlano
ot al {Reference 188 58} obtained using flowing:
afterglow drift tachniques and trigngles ere the

date of Johnsen and Biondi {Reference 188-59)
obtewned using drift tubs mase spectrometer tech:
nigues. Circles ere the beam data of Rutherford
end Vroom {Refetence 1BB 28} shown et higher
energaas for comparison.
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Figure 1BB 112 Aate coetficients as a function of E/P and of mean

wn energy for the combined reactions He' + Oy
0" +0+He {branching fraction 0 B) and He'
02 b 0; + He (branching fraction 0 2)  Circles
are the data of Hewmerl, Johnsen, and Biondt !Re-
farence 188 12) obtaned using drift tube mas-
pectionter technijues
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Fgure 188-113.

Rate coutficwnts as & function of the collision
energy 10 the center-of mass for the combined
reasctrons N* + 0, - NO' + Oend N + 0y,
05 + N Squares are the dete of McFarlend et
al {Refcrence 188 58) obtaned using flowing:
afterglow drift techmigues, and triengles (apex
up! are the dete of Johnsen, Brown, end Bondi
(Reference 188-60) obtained using drift tube
mass spectrometer techmigues  The triangle
(ap@x down) 15 the thermal-energy datum of
Duniin et #l (Reference 188-61) oblmned using
flowing-eftergiow techniyues, end circles ere the
beam dme of Neynaber, Ruthertord, and Vrgom
{Heterence 188 44) shown et higher energies
for compatison

Figure 186 114

Hate coethicients o ¢ function yi the coltruon
enargy 10 the center of mass for the reaction
o' Oy *0 0:, Syuares ere the date of
McFariend et al {Heference 188 58) obteined
usng Howing efterglow derft techniques, and
triangies lapes upl are the date of Johnien
and Bionds (Reterance 18B 59) obtavned using
drift tube mass wectrometer tachnigues The
rungie (apex down) i the thermal energy
datum of Dunkin gt 1 (Reference 188 61)
obtened usng flowing eftergiow technugues,
and the cacle i3 ¢ beem datum of Stebbings,
Turner, and Hyutherford iHeference Y88 5)
shown here et highat energet tor COMEMM ISON
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Figure 18B-115 Rate costfizients ss ¢ function of E/P and of Figure 188-116. Rate coetficients ss ¢ function of the collision

mean 10n energy for the resction U* + Oy snergy in the center-of-mass for the reaction
UO® + 0. Curcles sre the data of Johnsen end N3+ 05 = Ng + 07, Saqueres ere the dets of
j 8iond: (Re'erence 188-62i obteined using McFerland et ol (Reference 188 58} obtained
; drift- tube Mass-wpectrometer techniques. using fiowing sfterglow drift techniques, end
3 triangies (apex up! ere the data of Johnsen,

Brown, and Biondi (Reference 188-60) obtained
using drift- tube mass-pactrometer techniques.

1 Tha triangla (apex down) is the tharmal-energy
‘ datum of Dunkin et 8l (Reference 188-61) obr
E_ teinad using flowing sftergiow techniques. Cir-
d cles ore the beam dats of Neynaber, Rutherford,

and Vroom (Reference 188-44) shown st higher
snergies for COMPanson.
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Cucles sre the data of Johnen, Brown, snd Biwonds
(Reference 188 60) obtaned using dnift-tube mes:
WPECITOINEtE techrgues
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18B.3.2 Tabular Data

Wate coeffivients which have heen meeasared ot only one enerpgy
v the nop-thern al enerey revitce are presented i T ables 121021
coositive -1on reas tions and T=E-2 cpepative-ion reactionsy, It
should he noted that all rates listed in these tables were deternined
taine bean: teshntgaes,  The jon enercy vrndoved wes 0 0 eV
Mhese vommliations were presared and windly =ceanlied to the hanter

sathaors by 1o, Tiernan »f Wrieht-1aterson Adr Foaroe Base, Ohio,
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Table 1BB-1. Rate coefficients for pasitive-ion reactions.

Rate Coefficient**

ik ns L sl cins

Reactian k (1077 ¢m sec'l) Reference
| 1

l“N‘ . 15N2 - |5NJ + neutralls) 0.21 188-29

] R 15 .

: Ny + “Ny= Ny« °N, 0.67 188-29
0, “N,=0,*N, 0.28 188-29
N - PNO-N Pro 0.093 188-29
O NO=0:NO 0.011 188-63

1 0 :NBo="80" "\ neutrol(s) 0.091 18B-63
0 D). NO=0 - NO' 0.49 18B-29

i N, + NO=N, - NO’ 0.39 188-29

[ 2 2

0, - NO =0, - NO' 0.72 188-29
N +0,~N:0, 0.32 18B-64
N o, - NO -0 0.035 1BB-64
o - 0,-0 oé 0.0057 1BB-29
o p - 0,-0 o.;\ 0.59 188-29
N, - 0,~N, O, 0.043 188-64

T 18

0, 0,-0,- "0, 0.40 188-29

R
*Excited state. |
10‘9 3

**All rate coefficients are bosed upon normalization to 1.2 X cm sec”
for CHy - CH4 = CHg « CHj.

{continued)
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Table 18B-1 (Cont'd.)

CHAPTER 188

Rate Caefficient**

Reactian k (10'9 cm3sec'lj Reference
|
N Hy0 ~ N H.‘,o' 0.45 18B-45
N H,0 ~OH + neunal(s) 0.32 188-65
N Hzo-HNo‘ ‘ H 0.038 188-65
- 18 .
O :H, O-~OH ' OH 0.027 18B-65
; 18 o
O “H, 0-=0" - neutalls) 0.151 18B-45
o . H2|80"O : H.‘,'ao' 1.13 188-65
N, * Hy0 =N, - H0 0.61 18B-65
M, - H,0~ N,H : OH 0.55 188-65
0, - H,0 =0, + K0 0.36 188-45
0, - H,0 ~HO, * OH 0.14 18B-65
0, - H0 " H,0, - O 0.043 188-45
oé - H,0 = OH - neutralls) 0.037 18B-45
o - N,O -NQO' e 0.44 188-29
o ’py. N,O=N,O - O 0.26 188-29
Lo')m NO=NO N O 0.16 168-29
1 | {
*Excited stote.
**All rate coefficients are based upon normalization to 1.2 #1079 cm3sec',
for CHy - CHy =~ CH; + CH;. J

Moyt N S, Jure 197%
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Table 18B-2. Rote coefficients for negotive =ion reoctions.

-
Rate Coefficient**
l Reoction k (1077 cm3sec=1) Reference
|
CO:-3 ' Nz-no reaction <0,01 188-29
o; . NO -* no reocticn <0,01 18B-29
CO; - NO — no reaction <0.01 188-29
NO - O, *NO - o; 0.35 188-66
o; + O, " no reaction <0,05 188-29
CO:; : 02 * no reaction -0.01 188-29
c - H2'80 on™ - "¥on 0.05 18B-66
o HQIBO 1Bon - o 0.05 18866
NO; . H2O ‘ro reaction < 0,005 188-29
- 18 - R
0 -N2 O *NO neytralis) 0.065 188-29
o - NQIBO 'NIBO- Cnegtiallo 0.060 138-38
r-:o; - 1,0 +no eactian 2.005 188-29
l- C = : " o =
03 \.(“2 (‘OJ 02 0.03 13B-29
Bn- NO, N3e No; 1,03 188-29
Al 1ate cocfficienty are bauwed uoon notmalization to 1.0 ~ lO'%rnasec'l
for O MO, <O - NO,.
z
]

{continyped)




CHAPTER 188

! Table 188-2. (Cont'd.)
‘ Rate Coefficient**
Reoction k (10'9 cm3sec") Reference
i - -
t O - NOz-'O +NO -0 0.09 188-66
NO ™ : NO, = NO - No; 0.23 188-66
O2 . NO2 - 02 d NC‘2 0.7% 18B-64
O3 : NOQ“ O3 . NO2 0.22 188-29
co; * NO,, = no reaction <0.01 188-29
o - O3 -0 - 03 20.15 188-29
[oz 0= 0, O, J 20.19 198-29 |
**All rate coefficients are rased upon normalization ta 1.0 > 10 % m3sec !
Lfor O - NO, =0 NC,.
3 - |
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