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Ionisation and dissociative ionizatiti of 02 after electron

and ion impact.

By H. SJOgren and E. Lindholm

Abstract

The ionization of 02 w as investigated by using charge

exchange in a double mass spectrometer. The breakdown graph

was constructed. A break in the electron impact ionization

efficiency curve is explained au being due to ion-molecutle

reactien between excited 0+ ions formed in an ion-pair pro-

cas, and 02. It was shown that the cross sections must be

very small for the reaction

6+ ( 4 s) + 02 -0 o + o2+

since the cross sections for the corresponding reaction with

SiL are small. Implications for the aeronomy are discussed.
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1n troduction

The, most -' .porant method of determining the higher iomi-

j xatiOe potentials (1P) of molecules bas hitherto been the

study of the breaks in their electron impact ionization effi-

ciency (IE) curves. It is well known that also preianizatioa

and ion-pair processes can cause such breaks, but only recent-.

ly has it been pointed out L1, 2J that breaks can be caused

by ion-molecule reactions as well, although only one gas is

present in the .er scurco of the mass spectrometer. It was

shewn that the breaks in the 33 curv s for methane and methyl

halides occurring at about 19 eV are probably caussd by such

i.A-solecule reactions.

This findi g is important, because formerly the breaks In

teobe cases were interpreted as being due to ionisatio eof a

[2s C  eletron, elthough the real IP of this electron probably

has a considerably higher walue in methane and consequeatly

also In other orgamic compouads. This IP has been the object

of many quantum-mechanical calculations, which, in good acres-

met with our results, have all givon much higher values than

19 eV. We have therefore started work on other molecules to

try to find out whether their IE curves also contain breaks

caused by ion-molecule reaction, in the ion source.

In this paper such an investigation is described for 0 2 .

To explain a break at high energy in the 1E curve for this

molecule it was necessary to perform a rother deta+- d i..-

tigatio, of the chargo exchange processes between positive ioCM

and 02t and to study the bre&kdovn graph of 02
The mai: difficulty of this investigation has boon that
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the interesting processes in 02 take place at comparatively

high energies (above 16 sV). In this energy region the organic

molecules, studied earlier L3- 12J, supply little information

about the recombination energies (RE) of the positive ions

used in the charge exchange experiments. This was mainly be-

cause the molecules were difficult to ionize by means of

charge exchange in this energy region owing to the high IP of

the [2 CI electron (about 24 eV). It was therefore necessary to

perform a separate investigation of the recombination proper-

ties of F+ using a molecule containing other atoms than only

C and H. For this investigation CC13 F was chosen.

-d
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The structure of the xyan molecule

The structure of 02 in very veil known. A review was

j .givelLn by Gilw3re L13J wxi !;.tential energy curves for 02

aud 02@ The electron configuration and the IP's of the dif-

forest eleotrons are giver below toge ther with the correspon-

ding states of the 02+ ion

K a282 Ou2e2 p2p2  Xg2p2

States of o+ 2- 04__ 22- U4.- A2n aflI -V

2 I-U A-W b9 A

IP's 1.14J 561 561 43.5 29.4 16.2 18.9 1.8

IP'. L15J 24.6 20.2 18.2 16.9 16.1 12.1

IP's L161 42 24 g1.4 18.6

',Ps L17] 20.3 18.2 16.3 12.1

2hO IP' have boon obtained by ab initio quantum-sechanical

oCleulatien L14J, by spectrosoepic investigations L13, 15J

(ma.Luly from Rydborg series L15, 18J), ultraviolet absorption

116J axA photoelectron speetresoop L171. in the two latter

easoosr i terpretation partly differs from that of the

authers.

As the potential energy ouros for oxygen are well known,

the relative probabilities for ioniatien have been estimated

by mesas of Franck-Condon factors for the spectroscopically

known states L19, 20J. These fasters hayvo been plotted as a

fwPaotioe of onorgy in Fig. la. Provided the electron trae-i.

ties probabilities do not differ too much, Fig. Ia gives a

.... f ..h tran:±t±on pk.iwawili-iee for ionization by uae

of'oloetron or ion impact. Howoer, the possibility of traznsi-
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tioas to repulsive ion states has not been taken into consi-

deration in Fig. la, since the potential energy curves fr

these states are unknown. In Fig. lb we have therefore plotted

our experimental transition probabilities for ionization (\Q),

which are the relative cross sections in the charge exchange',

experftents described later.

For trahsitions to the 2.- state, no, calculations of

Franck-Condon factors are available, for the potential energy

curve for this state, given by Gilmore, is very ,ncertain.

Therefore they have been estimated in Fig. la from the data

obtained by Turner 17j '(five, vibrational levels between 20.31

eV and 20.80 eV). For the transitions to the c4 _ state, the
EU

Franck-Condon tactors have been crudely estimated, from Gilmore's

curves.

It must be pointed out that it- is not a priqri evident

that the Frinck-Condon factors can be used in connection with

charge exchange experiments. It has been pointed out L21J that

vibrational excitation may be produced during the charge trane-

fer, due to some -additional translational-vlbrational energy

transfer. It is, h-uwever, evident from a comparison of the

Fwrack-Condon factors in Fig. la and our cross sections with

Si+ and Kr+ shown in Fig. 1b, that, at least to the extent

that can be observed in our apparatus, the Franck-Condon prin-

ciple seems to be valid .or ionization by means of charge

Also the diesocia tion limits' of 02 are veil known from

its dissoo iation energy and the IP's and 'electron affinity of

oxygen. The dissociation processes are given in Table 1. to-

gather with the corresponding min-imum energies 1139, 22-25J.
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Earlier mass-sE~ctromotric invrestigations of 012

LUsing electron impact, the 3 curves and appearance po-

textiae (AP) of ions from 0 have been studied by several

oathor 122, 26- 28J. The IR curve for 02 from 02 measured

by ftret and McDowell and Brioni shows breaks wt 12.2, 16.3,

17.2, and 18.4 ev, corresponding to the onsets of regions with

ihIA transition probabilitk in Fig. Ia. In addition, they ob-

&erved ,break a4 21.3 eV that oannot be explained in this way.
Bevo we will show that 0 i uastable at this energy (measu-

romts with No+) and will therefore try to explain this break

as I ig due to an ion-molecule reaction. The 1E curve for 0+

ftom 02, measured by Frost and McDowell L22J, shows broaks at

17.3, 19.0, 20.4, 21.3, and 22.0 iV and the ]R curve for O" at

A 1703 and 21.2 eV in agreeueot with the dissociation limits in

Table 1. iidently ion-pair processes occur at 17-3 and 21.3 ev.

Also the photo-ionization of 02 has been investigated mass

spectr~p.trically., Veiasler et al 129J found * &-eat number of

atesse, Peaks in the photo-ionixation efficiency curves for 02+

and 0+ from 02. These peaks d) not correspond to the regiotis of

high transition probability in- Fig. la, and were therefore in.

terpreted as being due to pre osation. Elder, Villarejo, and

Iahbram L25J studied the production of 0+ and 0 at 17.28 oV

aa** feud the process to be of Importance only up to about

18 oV in agreement with the predicted form of the potential

omergy curve for 02 * The importance of the preionixation is

*cafioed by photo-ionization measurements without mass spec-

tromtrii: analysis [30 - 321.
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'1he difficulties in interpreting the electron impact data k

are sumarized by Donman, Morrison, and Nicholson L24J and by

McGowan, Clmrko, Ianson, and Stebbings L33J who point out the

great importance of preionization and ion-pair processes.

Experimental resul_3

a) Ilrvistigation of 02

In order to investigate the mechanism behind the 'break at

21 .3 OV, 02 was bombarded with slow positive ions in a double

mass spectroveter, described earlier L2-12!, and the mass

spectra were recorded. The results are shown in Table 2, where

the sums of the peak heights are normalized to 100. Th*e last

colusm in tho table gives the relative cross sections (Q) in

arbitrary units. The pressure of the target gas was determined

,approximately at the inlet, using a Pirani gauge.

From Table 2 it is evident that extrapolation down to zero

pressure results in a vanishing fraction of the molecule ions

when bombarding with slow No + ions (RE 21.6 @V) or slow He+

ions (RE 24.6 eV). At the same time, of c'ourse, the relative

abundances of fragment 0+ increase.

This result is consistent with AP's of 0+ in Table 1 and

also with results 'by Stebbings, Smith, and Erhardt 1341. These

authors explain their results with He by the assuption. that

first 0 (c 4 Z) is foxed at 24.6 eV and that then predisso-

ciation to a repulsive state takes place.- However, our results

with lie cannot be explained in a similar manner, and therefore
"0



these transitions probably go directly to repulsive states.

It is also evident from Table 2 that bombardment with

fast We+ ions gives a non-vanishing fraction of molecule ions

em extrapolation to zero pressure. This implies that at higei

veiocities! transfer of translatiamal energy takes place to

make possiible transitions to the bonding 2E- state, in the

region between 20.3 and 20.8 eV.

A+
1 ) Investigationr -of F

ie ions can exist in three.states 2'2 2p4 3 P, 1 D,

and-, IS givingeRE 's 17.42, 20.01, and 22.98 eVt, respectively

135'a I rder 'to determine, thei statistical w~ight of the

three sate.,i * cYj was bombarded with Ne+ and F ions in the

robl ms spctrometer. Th. reitts: are show* in, Table 3

after o; miatk6i arid. rqduction Into monoisotopic peaks i±tl

.respe t C l Also the electron impact :mass-spectrum and tho

APs ef th rgmn ons 136, 371 ar. given In Table 3.

'The -str .incifeage, Of ,fraosent -cclF in going from .No

to. T+ mUsit *eani that this -fragment is- due manyto RE

17.-42,*V. i-RE -0.:-eV will -be able,- to give fragments C0l 2 +

sa C 4 utispro*bablY tqOo 'high -to give 'any appreciable

-mounts, of- Ci-?. Lastiy, th4,.i 22.98 eV will cause' the for-

!atn ,f ::fragents CCl+ and 01+ , but is- considered to be too

Shii to gi*, any apprciabl* amounts of the other fragnents.

From. 'the malsw spectra, it is possible to calculate the

abUadaxoes of the different F+ ions (of.. the corresponding

CaLOulation as to 0+ L4, 5J). This calculation presumes, of
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course, that the transition probabilities for ionization of

Ccl F are independent of energy in this energy range. The re--

sult is: 60% F+ ions with RE 17.42 eV, 30% with RE 20.01 eV,

and 16% with RE 22.98 *V. The F+ ions were produced from SF6

ix an ion source with about 100 eV electrons.

*, Breakdown graph of 02

The mass spectrum of 0 as a function of the energy ab.
2

sorbed by -the nolecule during the charge transfer is shown in

'Fig. i.c. The AP's, 12.1, 18.7, and 20.7 .V, were taken from

Table 1.

The results with F+ ions require a detailed discussion.

Fig. la and lb shows that the probabilities for ionization of

0 2 depend s*rongly on the RE. According to Gilmore's curves,

there is no stable state of 02 at 23 *V. Therefore the ioniza-.

tina at this energy must imply transitions to- some repulsive

state ef 02+ . It is therefore reasonable, to assume that the

probability for ionization here approximately equals the pro-

babilities measured at 21.6 and 24.6 eV using Ne+ and He+ iois.

Hence -we take the mean of these Q-values as a measure of this

probability. At 17.4 eV we use the Q-value obtained using F+

ions as a measure of this probability since the probabilities

at 20 and 2.3 9V evidently are comparatively small.

The probability for ionisation at 20 eV is more difficult 7

to estimate. The Franck-Condon fictoidi assm high valuds +bet.

veen 20.3 and., 20.8 eV, but the energy defect 0.3 eV is probably

large enough to prevent charge exchange between F+ (1D) and 02

with formation of 02+ (2 E-) at low velocities of the F+ ions.
•~ +9.
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This asscmption is supported by our finding that when bombar-

ding with Ne+ ions (enorgy excess 0.7 eV) no 02+ens are

formeci at low velocities. Thus, in this case, too, the charge

exehae must irjply formation of 02+ in some repulsive state,j and hence we assume that the probability is about the same as

at 23.0 eV.

The ordinate of the 0+ curve at 20.0 .V in Fig. le can

now be calculated from the mass spe:trum using F+ ions, as the

nunabor of 0 ions formed in the charge exchange at a certain

energy is furthor proportional to the relative abundance of the

F+ lone with corresponding RZ and to the probability for ioni-

*ation 4f 02 at this energy. Depending upon the values chosen

. for tho different probabilities, the value of the ordinate will

range between about 0.2 and '0.8. The uncertainty is mostly due

to the small. number of i on formed using F+.

It must be remarked that in Fig. lc the influence of the

2E- etate has not been taken into account. This would probably

cause a hump in the 02+ cu~re, but such a hump cannot be ob-

served by use of the ion-impact method.

The discussion shows that the concept "breakdown graph"

can hardly be used in the case of a diatomic molecule, owing

to the gaps, wi-th low probabilities for ionization. This is in

oontrast-to the case of a polyatnic molecule, where the many

states cause a high and roughly constant distribution fuWation
over a lare energy range, and therefore the breakdown Xraph

in ibis cae grves a picture of the consecutive diasociations

of the parent ion (cf. -12J).
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Formation of thigher energes

From Fig. 1k it is evident that no stable molecule ions'

eau be obtained at energies above 21 eV. Therefore, the .breaks

at 21.3 eV in Frost and McDowell's and Brion's IZE curves can-

Taot be due to 02+ ions formed in a primary process. The energy

seems to be too high for an explanation by means of the 2-

.ftate. Our hypothesis is therefore that this break is due to

an iou-molecule reaction- in the ion source. In this case the

source of the 0 2+ ions must Ie the 0+ ions produced at 21-.3 eV

In the ion-pair process
02 ..0+(2D) + O(2p)

and therefore the break in the 1E curve for 02+ at 21.3 eV is

only a reflection of the break at the same energy in the XE

curve for 0*. This picture is consistent with ihe fact that

the- oak is more pronounced in Brion's curve than in Frost

and McDowell's curve, and that Brion reports a higher pressure

than Frost and McDowell.

To prove our hypothesis it is necessary to show that the

ions formed at 21.3 oV are able to react with 02 to give 02 +

and aso that the 0+ ions formed at lower energies cannot pro-

duce 02+, Fro= Table 1 it is evident that below 21.5 eV (in the

table the minimum energy 20.60 *V is given) 0+ ions are formed

only In the 4S state with RE 13.62 eV and that above-21-.3 eV

(20.60 eV) 0+ ions also are formed in the 2D and p states with

RE's 14.98 and 16.94-*V (2D) and 14.45, 16.67, and 18.64 eV

(2 ) L35). We will show below that at loi velocities the 0+

(4s) less cannot and the 0+ (2D) ions can react with 02,- i-

V 2
mg 02.
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I Ch-re transfer between 0 and 09k at low velocities

According.to Fig. la the Franck-Condon factors are zero

at 13.62 eV. Therefore we expect that the cross section for

-T +4Snage exchange between 0+ (4 S) a-d 02 is very small. Since

we canaot produce 0+ ions exclusively in this state, we used

ma indirect method for the proof.

Vhez bombarding with Si+ the relative cross section, Q,

was very mall (Table 2). This ion exists in two states,

iwith IM's 13.47 and "9.35 eV and P with REs 8.-15 eV and lower.

.'It has been shown earlier L4J that the P state is abundant

And that RE 13-.47 eV can give charge exchange with large cross

-sections. We furthermore performed a special investigation of

mthaze, shown in Table 4, which demonstrates the importance

of, R 13.47 eV'in Si+; The small cross sections with Si+ also

at high velocities in Table. 2 prove that, when the RE of an in-

cident ion is somewhat higher than 13.47 and the velocity is

low, charge exchange with 02 cannot take place with any appre-

ciable probability.

lr+ has RE's 14.00 and 14.67 eV and the cross sect.on is

still smaller than with Si + . The small 0+ peak is due to high

metastable states of Kr+ with RE's about 18 oV L3, 35, 38J.

The experiments with Si+ and Kr+ thus prove that slow 0+

( 4 S) ions cannot produce charge exchange with 0- with any
2 hn

appreciable degree of probability.

According tof fit.la the .F_'_ck=C~ndw1 r-iori ar hiFs

at 16.67 and 16.94 eV. Therefore we expect the cross sections

for charge exchange between 0* (2D) or 0* ( 2 p)-and 02 to be

large. That 0+ and 0. are able to react has already been shown
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in beam experiments by Stebbings st al 139, 40J. To prove th:'t

this charge exchange takes place also at thermal velocities of

"the 0 + ions, we studied the secondary charge exchange procosse)s

in the collision chamber at increased pressure. The increase

of 0 2+ ions with increasing pressure when bombarding with Ne+

and H. ions, although at very low pressures only 0+ ions are

formed, proves that a reaction occurs. We have shown that the

0 (4s) ions do not react and therefore it is necessary for at

least the 0+ (2D) ions to do so. In the case of bombardment

with No+, it must be assumed that the 0+ ( 2 D) ions are formed

in a jwoceus endothermic by 0.4 eY, which is not unreasonable

if the small cross section is taken into consideration.

he results at high pressures in Table 2 thus prove that,

slow 0+ (2D) ions and probably also slow 0+ (2p) ions can

react in charge .exchan.e' with 02"

-.
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Uppr atmosphere implications

[he present results are of considerable .Im ortance in

LL conection wi th aeronomy, sine the,-reaction

- -- -2 ~'+ 2 + 2+

Iise imortant in determining the electron and ion densities

of the atmosphere (cf. review iarticles by Paulson 1411, Fite-

L1,and Danilow and.Ivanov-.Kholodnyi L43J). The reaction

has been studied by a -number- of authors, who have obtained

quite different Value. for the reaction rate L39, 40, 44..46J

In v.iew of our results this-is not iuexpected. As 0 + in the

groun4 state can react-with 0 2 only to a very limited *x'tent,

tba dotermiifations of th. reaction rates are strongly influen.

cod by the coiztents of excited states in the ion beans. These

oftexts will vary from one exjperimeont to another, for -they

-, deped. not only upon the gas used for production of 0+ L3, 4J,
but'also upon the excitation conditions L479 48J (cf. 1421).

This is probably enough totexplain the different values obe-

tamed for th. reaction rates.
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Table 1. The minimum energies for the ionic dissociation

processes in 02 gi-ving 0+ ions.

Products Minimum energy (eV)

0o2  o+ (4s) + o" (2p) 17.28

o+ (4s) + a (3p) 18.73

o+ (2D) + O"o (2p) 20.60

o+ (4s) + 0 (1D) 20.70

0+ (2D) + 0 (3p) 22.05

0 + (2p) + O ( 2 p) 22.30

0 + (4S) + 0 (1S) 22.92

0+ (2p) + 0 '(3p) 23.75

0+ (2D) + 0 (1D)) 24.04

0+ (2p) + 0 (1D) 25.72

o+ (2D) + 0 (is) 26.24

0+ (2p) + o (is) 27.94

i



Table 2. Mass spectra of 02 obtained in charge exchang* with

incident positive ions of low kinetic energy (KE)

as a function of pressure.

:Incident XE Pressure 0 + Q
ion eV microns

+He, 18 400 53.5 46.5 3.4

18 200 24.8 75.2 0.9
18 100 11.8 88.2 0.7
18 50 7.1 92.9 0.7

F+ 25 400 95.8 4.2 16.0
25 200 96.6 3.4 11.5
25 100 96.9 301 8.4
25 50 96.8 3.2 8.2
100 30 96.6 3.4 14.6
300 35 97.1 2.9 16.3
900 40 95.8 4.2 13.6

No+  25 400 61.4 38.6 0.8
25 200 37.6 62.4 0.3
25 100. 18.4 81.6 0.2
25 50 7.1 92.9 0.2
100 200 40.0 60.0 0.3
100 100 23.2 76.8 0.2
100 50 12.4 87.6 0.1
900 200 53.7 46.3 0.3
900 100 37.8 62.2 0.1
900 50 28.7 71.3 0.1

si 30 30 100.0 0.0 0.1
100 30 98.7 1,3 0.2
900 30 98.3 1.7 0.3

+ 35 50 62.7 37.3 0.05
100 50 80.0 20.0 0.06
300 50 86.2 13.8 0.07
900 50 89.2 10.8 0.12

Xe 40 50 0Ol4f 1.8
100 50 100.0 0.0 2.9
300 50 100.0 0.0 2.7
900 50 99.9 0.1 3.3



Table 3. Mass spectra of CC 3F obtained in charge exchange with

No+ and F "ions of low kinetic energy (iKE). The electron'

impact mass spectrum and the AP's of the resulting frag-

.ments are also given.

Incident KE Ions
ion V Y 3+ C 2  CC12 + CCIF+ CCl+  Cl+  CF+ F+ Q

Ne+  28 § § 13.0 1.8 37.8 8.7 38.7 0.0 0.9

100 § § 10.2 2.6 38.7 11.7 36.8 0.0 0.6

900 § § 8.2 4.0 39.6 16.9 31.3 0.0 0.5

F+  17 11.5 56.0 9.0 3.6 19.9 0.0 1.4

35 § § 9.9 55.3 9.9 5.0 19.9 0.0 0.9

100 § § 9.9 49.1 12.4 7.4 21.2 0.0 0.8

300 0.0 10* 11.8 46.8 12.1 8.9 20.4 0.0 0.8

900 § § 12.5 51.6 11.8 7.7 15.4 0.0 1.2

L L36J 2 100 3 11 8 13 8 0.1

-AP L36J 13.8 12.3 18.9 17.0 21.2 21.2 19.1 29.5

P.37J 12.8 12.0 - 17.4 - - -

§ not measured
n not Included in the normaliuation

'¢4



Table 4. Mass spectra of CH4 obtained in charge exchange

with CO and Si ions of low kinetic energy (KE).

Inlet pressure is 50 , The CH4j ionms obtained

•hen bobarding rrth Si a be produced only Uy

RE 13.47 .V L9J. Comparlison with CO+ -kR 14.0 .V)

shown that the cross section is not small.

In*iAent +e lonm0ley + H+ C
iu4 ff3 2

06+  40 63.0 32.7 4.2 0.1 12.4

100 64.8 31.4 3.7 0.1 10.3
300 62.2 33.8 3.9 0.1 8.6

900 59.2 37.4 3.2 0.2 7.3
SI+  40 62.4 3i2.9 4.7 0.0 2.7

100 -65.8 "30.1 4.1 0.0 2.4
300 64.3 31-4 4.3 0.0 2.2
900 64.3 32.1 3.6 0.0 2.5



Franck-Condon factors

I2 2X" °

la. j .2

13 1 15 16 1 18 '9 0 1 22 23 24 25 eV

0
0

X e+  Si+ Kr+  Ne+  He

l b.'
0

f2 b 14 15 16 f7 I 19 20 C-21 22 23 24 25 eV

F

Xe Ne. He+

1c. 02

1i f3 14 i5 6 18 19 221 2 22324 25eV

Fig. 1. a) Franck-Condon factors for ionization of 02.

U) Relative cross sections for charge transfer

between different positive ions and 02

c) mass spectrum of 02 as a function of energy (eV).

2i
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