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Ionizsation and dissociative ionizati’a of O2 after electron

axd ien impact. ‘ -

By H. Sjégren and E. Lindholm

Abstract

The ionization of O2 was investisated by using charge
exchamge in a double mass spectrometer. The breakdown graph
was constructed. A break in the electron impact ionization
efficiency curve is explained as beimg due to ion-molecule
reactions between excited O iens formed in an ion-pair pro-
cess, anmnd 02. It was shown that the cross sections must be
very small for the reaction

+

ot (‘s) +0,*0 +0,

simnce the cross sections for the corresponding reactiom with

Sl+ are small. Implications for the aeronomy are discussed.




Introductien

The most “mportant method of determining the higher iomi-~
zatien potentials (IP) of mnlecules bhas hitherto been the
study ef the breaks in their oiectiron impact ionisation effi-
ciency (IE) curvee. It is well known that also preionizatiom
and ion-pair processes can cause such breaks, but only recent-
ly has it been pointed out [1, 2] that breaks can be caused
by ion-molecule reactions as well, although only one gas is
present in the ion scurce of the mass spectrowmeter. It was
shewn that the breaks in the IE curves for methane and methyl
halides occurring at about 19 eV are probably cuused by such
ies~molecule reactions.

This finding is important, b;eanao formerly the breaks im
these cases were interpreted as being due to ionization ef a
[2:0] elentron, a2lthough the real IP of this olc;tron probably
has a consjiderably higher value im methane and comssquently
also im other organic compoumds. This IP has been the ebject
o many quantum-mechanical calculations, which, in good agree-
mont with our results, have all given much higher values than
19 eV. VWe have tanerefore started work on nther molecules to
try to find out whether their IE curves also contain breaks
caused by ion-molecule rsactioms in the ion source.

In this paper such an investigation is described for 02.
Te explainr 2 break at high emergy im the IE curve for this
molecule it was necessary to perform a rathar detsilsd inves-
tigatien of the charge exchamge processes betweon positive ions

+
2
The main difficulty of this imvestigation has been that

and 02, and to study the breakdowm graph of O




the imteresting processes in 02 take place at comparatively
high energies (above 16 eV). In this energy region the organic
molecules, studied earlier [3 - 12), supply little information
about the recombination energies (RE) of the positive ioms

used in the charge exchange sxperiments. 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 c¢f
the {Qac] electron (about 24 eV). It was therefore necessary to
porferm a separate investigation of the recombination proper-
ties eof P+ using a molecule containing other atoms than only

C and H. For this investigation CC13F was chosen.




The structure of the exygen molecule

The structure of 02 is very well known. A review was
giver By Gilmors {i7] wiiy notential energy curves for 02
amd 0,*. The electron configuration anc the IP’s of the dif-
fereat electrons are giver belew togr ther with the cerrespon-

dimg states of the 02+ ion

X E 08232 °n2’2 c82p2 uan‘ !‘2p2
States of 02* 22; 042; 22; b‘z; Aznu a‘nu x?n‘
IP’s }14) 561 551 43.5 23.4 16.2 18.9 16.8
IP’s |15] 24.6 20.2 18.2 16.9 16.1 12.1
IP’s [16] 42 24 21.4 18.6
™’s [17] 20.3 18.2 16.3 12.1

. m——pe

The YP’e have been obtain;ibhy ab_initie quantum-mechanical
caloulatiens [14], by spectrescopic imvestigations |13, 15
{mainly frem Rydberg series [ 15, 18})), ultravielet absorption
116] amé photoelectron spectrescepy [17]. In the two ‘atter
cases eur iaterpretation partly dirfora.fro- that of the
anthers.

As the potential energy curves fer oxygen are vell kmewn,
the relative probabilities fer iemimation have been estimated
by meaas of Franck-Conden facters fer the spectroscepically
kmown states | i9, 20]. These facters have been plotted as a
funetien of zneryy in Fig. 1a. Provided the electron tramsi-
tion probabilitiesr do not differ teoe much, Fig. 1a gives a

> —_ i sc -® @ & @ s s

nietuws of th ransition prowawiliities for ionization dy use

——

[1]
(14

of* alectron or ion impact. However, the possibility of tranmsi-
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tions to repulsive ion states has not been taken into consie- !
deration in Fig. la, since the potential energy curves for
these states are unknown. In Fig. 1b we have therefore piotteq
_our oipogiaental transition probabilities for ionizatiom (Q),
which are the relative cross sections in the charge exchange
experiments described later.
For transitions to the 282 state, no calculations of
Franck-Condon factors are available, for the potential energy
carve for this state, given by Gilmore, is very -“ncertain.
Therefore they have been estimated in Fig. 1a from the data
obtained by Turner [ 17} (five vibrational levels between 20.31
eV and 20.80 eV). For the transitions to the c‘EG'stato, the
Franck~Condon factors have heen crudely eat;mated‘frbm Gilmore’s
curves.
It sust be pointed out that it is not a priori evident
that the Franck~Condon factors can be used in connection with
charge exchange experiments, It has been pointed out £21J that ’
vibrational excitation may be produced during: the charge tranc-
fer, due to some additional translational-vibrational energy
transfer. It is, however, evident from a comparison of the
Frasick-Condon factors in Fig. 1a and our cross sections with -
sit and xot shown in Fig. 1b, that, at lsast to the extent ;
that can be cbserved in our apparatus, the Franck-Condon prin.
ciple seems t07$e~valid.£or ionization by means of charge
. exchanye. , o S , _
Also the dissociation limits of 0, are well known from .
its dissociation energy and the IP’s and electron affinity of s
oxygen. The dissociation processes are given in Table 1 to-

[N

. gether with the corresponding minimuw energies |13, 22.25],
o @
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T e e e e e S —

L3N

-
. ¢
it
T \Jt_

- -
{ -E".;, P
FEATR ! . D S G




Parlier wmass-spectrometric investigations of 02

Using electron iupact, the IE curves and appearance po-

tentials (AP) of ions from O, have been studied dy several
R - authors |22, 26 -28). The IE curve tpr-oa* from O, measured

Wy Prest and MéDowell and Brion shows breaks st 12.2, 16.3,

“ 17.2, and 18.4 eV, corresponding to the onsets of regions with
high transition p£obabilit? in Fig. 1a. In addition, they ob-
sexrved a break at 21.3 eV that camnot be explained in this way.

- Belew we will show that 02+ is umstable at this energy (measu-
riments with Ne') and will therefore try to explain this break

;l as Being due to an ion-wolecule reaction. The IE curve for 0+

rro-:oz. measured by Frost and McDowell [22], shows breaks at

)
Par o A LN -

17.3, 19.0, 20.4, 21.3, and 22.0 eV and the IE curve for O at

vt

17.3 and 21.2 eV in agreement with the dissociation limits in
Table 1. Evidently ion-pair processes occur at 17.3 and 21.3 eV.
Also the photo-ionization of’02 has been investigated mass
spectrome trically, Weissler et al [29] found a great number of
intense peaks in the photo~ionixzation efficiency curves for 02+
and 0+ from O0,. These peaks do mot correspond to the regioxus of
high tramsition probabilivy in Fig. 1a, and were therefore in-
terpreted as being due to preionization. Elgir, Yillarejo, and
Inghram [25] studied the production of ot and 07 at i7.28 4

and’ feund the process to be of importance only up to about

o A

18 eV in agreement with the predicted form of the potential

oy

i

emergy curve for 02*. The importance of the preionization is
emfirmed by photo~ionization measurements without wass spec-

tromstric analysis [30 - 32].
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‘The difficulties in interxpreting the electron iwpact data

e B "

are summarized by Domman, Morrison, and Nicholson [24] and by
McGowan, Clarke, Hanson, and Stebbings [33) who point out the v gg

!great.importance of preionization and ion-pair processes. é ‘e

Experimental results

a) Invastigation of 0, ;

In order to investigste the mechanism behind the break at
21.3 oV, 02 was bombarded with slow positive ions in a doubls
mass spectroueter, described earlier [2 -12], and the mass
spectra were recorded. The results are lyovn in Teble 2, where
the sums of the peak heights are normalized to 100. The last
colurm in the table gives the relativa cross sections (Q) in
arbitrary units. The prossure 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 venishing fraction of the molecule ioms o
when benmbarding with slow wet ions (RE 21.6 eV) or slow Het
ions (RE 24.6 eV). At the same time, of course, the relative
abundances of fragwent ot increase.

This result is consistent with AP’s of 0% in Table 1 and
also with results by Stebbings, Smith, and Erhardt |[34]. These
authers explain their results with He® by the assumption that = -
first 02+ (céz;) is forqéd at 24.6 oV and that then pfcdinio- f
ciation to a repulsive state takes place.- However, our results

xithLNe+ cannot be explained in a similar manner, and theroefore




these tramsitions probably go directly to repulsive staies.
It 48 alsc evident from Table 2 that bombardment with

ghpt~lh* ions gives a non-vanishing fraction of molecule ions

on extrapolation to zmero pressure. This implies that at high
S “ velecities transfer of translatiomal energy takes place to
-akO‘ﬁo-iiblo transitions to the bhonding 28; state in the

region between 20.3 and 20.8 eV.

b) Investigation of F*

JRFRPRTY) iRt 2 e <l

: - iﬁi F+‘1qna can exist im three states 252 2#4 5?, 1D,~
snd 'S glving RE’s 17.42, 20,01, and 22.98 eV, respectively

1351+ Ta order to determine. the stafistic.1~vq1¢h§g of the

- A,
SRRy W

i o

three statoa, cc15r wa- bokbarded with Net §nd F! ions in the
double nass opectrouotor. Th@,rqsqlt;—qre;ghdii_;n.kaie 3
‘ after nor-atiaationland.rqductioﬁ 1ntd'§onofsofbﬁit peaks with
‘ rtupoct to Cl. Alao the. olcctron inpact maas apectrum and the
 AP’s: of tho fraguont iona 136 37] are given in Table 3,

' ‘The .trougincreato of fragment CCIF in &oing from Ne™
'to FF wust mean that thia fragaont is due wainly to RE
1742 dV. RE 20 01 oV will ‘be sble: to give fragments 0012

lnd CE bnt ia probably tuo high 15 gtve any sappreciable
tﬂyougtgw9£}CC;Fvw Lgat;yﬁ<tQUgRE 22.98 eV will cause the for~
; _ ;igiiii ggéfraﬁmohfo ¢61t and €1%, wut 4s considered to bo too
- z§§€ﬁzt9§£?;.ip§ épbh@cigblp amounts of the other fragmenis.
4‘1ff6ﬁ5%ﬁ;‘ﬁa§;:§§;cfr;, it 1a7§§asiblo to calculate the
abundamoes of the different ¥' ions (cf. the corresponding

calculation as to ot l{, 5]). This calculation presunes, of
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course, that the transition probabilities for ionization of ,

-
ol

0013F 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 eV. The F+ ions weére produced from SF6

im an ion source with about 100 eV electrons.

Breakdown graph of O,

The mass spectrum of 02 as a function of the energy abe-
sorbed by‘tha*uoncula during the charge tranafer is shown in
Fig. 1c. The AP’s, 12.1, 18.7, and 20.7 eV, were taken from
Table 1.

The results with Ft ions require a detailed discussion.
Fig. 1a and 1b shows that the probabilities for ionization of
0, depend strongly on the RE. According to Gilmore ‘e curves,
there is no stable state of 02 at 23 eV. Therefore the ioniz#-
tion at this energy must imply transitions to some repulsive
state eof 02+. It is therefore reasonable: to assume that the
probability for ionization here approximately eguals the pro-
babilities measured at 21.6 and 24.6 eV using'xe+ and He' ioms.
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 rt
ions as a measure of this probability since the probabilities
at 20 and 23 eV evidently are comparatively small,

The probability for ionization at 20 eV is more difficult h
te bqtinato. The Franck-Condon factors assime high values bete =
ween 20.% and 20.8 eV, but the energy defect (0.3 eV is probably
large enough t§ prevent charge exchange between F+ (1D) and 02 S

with formation of 02+ (222) at low velocities of the F' ioms. .

i e i ey ez R TN N
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This assvmption 3is supported by our finding that when bombar~
ding with Ne' iong (energy excess 0.7 eV) no 02+ iens are

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

exchexnge must lpply formaiion of 02+ in some repulsive state,

4 and hence we assume that the probability is about the same as

at 23,0 eV.

The ordinate of the ot curve at 20.0 eV in Fig. 1c can
row ke calculated from the mass spectrum using Ft ions, as the
number of O+ jons formed in the charge exchange at a certain
energy is further proportional to the relative abundamecs of the
F' iens with corresponding RE and to the probability for ioni-
sation o’f»o2 at this energy. Depending upon the values chosen
for tho different probabilities, fhc value of the ordimate will
range Letween adout 0.2 and 0.8, The u;eortainty is mostly due
to the small nuwber of 0% fons formed using rt.

It must ba remarked that in Fig. 1c the influence of the
¥ zn;,stato has not been takon into account. This would probably
cause a hump in the 02+ curve, but such a huwp cannot be ob-
sexrved by ugs of the ion-impact method.

The discussion shows that the coricept "breakdown graph"
can harily be usecd in the cas~ of a diatomic wmolecule, dwinc
t§ the gaps with low probabilities for ionisation. This is in
contrast to the casme of a polyatomic molecule, where the many
states cause a high and roughly constant distribution fumction
over e large energy rango, and therefore the breakdown graph
in this c'nqe gives a picture of the comnsecutive diasociations

of the paxent ion (cf. [3-a12]),

e e e = o M o e e e e e e i
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Formation of 02 at héﬁhfr energies

From Fig. %c it is evident that no stable molecule ions -

.can be oktained at energies above 21 eV, Therefore, the breaks
“at 21.3 df'in Frost and McDowell’s and Brion’s IE curves can-
not be due to Oaf ions formwed in a primary progeeo. The enexrgy
- seems to be too high for an explanation by moans of the 22;
.- state. Our hypothesis is therefore that this break is due to

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

source of the 02+ ions must be the ot ions produced at 21.3 eV .

im the ion~pair process

02* = 0*(%p) + 0(%p)

and therefore the break in the IE curve for 02* at 21.3 oV is

only a reflection of the break at the same on;rgy in the IE

curve for 0+q This picture is consistent with the fact that

the Break 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
.6+ ions formed at 21.3 eV are able to react with 02 to give 02+,
and also that the o' ions formed at lower energies cannot pro-
duce 0,%. From Table 1 1t is evident that below 21.3 eV (in the
table the minimum energy 20.60 eV 1s giver) O' ions are formed
only in the 4S state with RE 13.62 eV and that above 21.3 eV
(20.60 -V) O+ ions also are formed in the 2D and 2P stgtoa with
RE" 14.98 and 16.9440V7Céﬁ)‘and 14.45, 16.67, and 18.64 eV
(ZP) 135]. We will show below that at low velocities the OF
(‘S) iems cannot and the 0 (2D) ions can react with 0,; gi-

ving 02+.

e e e e e e e e o e e J—_
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12.

‘Charge transfer between ot and 0, at low velocities

According to Fig. 1a the Franck-Condon factors are zero

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

sharge exchange between ot (‘S) and 0, is very small. Since
we canmot produce o% 1ons exclusively in this state, we used
am indirect method for the proof.

‘ When bowbarding with si* the relative cross section, Q,
was very l-nll'(Tablg 2). This ion exists in two states, 4P
with RE’s 13.47 and .35 eV and °P with RE’s 8.15 eV and lower.
B ha;'bgon shown earlier (4] that the ‘p state is abundant
and that RE 13.47 eV can give charge exchange with large cross
Y}z :soctions. We furthermore performed a'gpocial investigation of
a methame, shown in Table 4, which éo-onstraton the importance
of RE 13.47.;;:1n Si+; The f-nll cross sections with Si+ also
at high velocities in Table 2 prove tiiat when the RE of an in-
cident ion is somewhat higher than 13.47 and the velocity is
low, charge exchange with 0y camnot. take place with any appre~
ciable probability.

Xxr* has RE’s 14.00 and 14.67 eV and the cross section is
still smaller than with Si¥. The smal1l o* peak is due to high
metastable states of Xr' with RE’s about 18 ev |3, 35, 38).

The experiments with sit ama krt thus prove that slow ot
(45) ions cannot produce charge exchange with 0, with any
appreciabie degree of probability.

According to Fig. la the Franck-Co

|
1
=)

ict0ors are high
at 16.67 and 16.94 ev. Therefore we expect the cross sections
for charge exchange between 01 (ZD) or ot (2P)‘and 0, to be

large. That o and O2 are able to react has already been shown
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in Beam experiments by Stebbings et al |39, 40). To prove ths%
this charge exchange takes place also at thermal velocities of
the 0+ ions, we studied the secondary charge exchange processas
in the collision chamber at imcreased pressure. The increase
ct 02+ ions with increasing pressure when bombarding with Ne*
and He' ions, although at very low pressures omnly ot ions are

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

b+ (48) ions do not react and therefore it is necessary for at

least the ot (ZD) ions to do so. In the case of bombardment

‘with Ne¥, it must be assumed that the O (ZD) ions are formed

in & process endotheruic dby 0.4 eV, which is not unreasonable
if the smali c¢ross section is taken into consideration.

The results at high pressures in Table 2 thus prove that
slov of CZD) ions and probably also slow o* (ZP) ions can

resct im charge exchange with 02@

‘
i L 3
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Upper atmosphere implications

The present results are of considerable importance in

connedotion with aercnomy, since the reaction

o'—’+02~>o+02+

is impertamt in §6torq1n1ng'tho electron and ion densities

of the atmosphere {cf. review articles by Paulson [41], Fite

L42]j, and Danilov and Ivanov-Kholodnyi [43]). The reaction

: has been studied by i.numboi of authors, vho have obtained

i o quite different values for the reaction rate 139, 40, 44 ~ 46
In view of our results this is not unexpected. As ot in the
ground state can react with 62 only to a very limited extent,
the determiimations of the reaction rates are strongly influen.
ced by the contents of excited states in the ion beams. These
contents will vary from one experiment to another, for they

f depend not only upon the gas used for production of ot 13, 4/,

but also upon the excitatiom comditions 47, 48] (cf. L42)).

This is probadly ohough fozoxplain the different values ob-

taimed for the reaction rates.
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Table 1. The wminimum energies for the ionic dissociation

. ‘processes in 0, giving ot ionms.

Products

—_> ot (*s) + o~ (°p)

ot (4s) + o (°p)
o* (%) + o~ (%p)
o* (4s) + 0 ('p)
ot (%p) + o (’p)
ot (%p) + 0~ (%p)
ot (*s) + o (1s)
o* (%p) + 0 (°p)
o* (°n) + o (')
"ot (%) + 0 (')
o* (%) + 0 (¥s)

o* (2p) + 0 ('s)

Minimus energy (eV)

17.28
18.73
20.60
20.70
22.05
22.30
22.92
23.75
24.04
25.72
26.24
27.94
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Table 2. _Mﬁss spectra of 02 obtained in charge exchange with
incident positive ions of low kinetic energy (KE)

as a function of pressure.

Incident KE Pressure 02+ D+ 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
Ft 25 400 95.8 4.2 16.0
25 200 96.6 3.4 11.5
25 100 96.9 3.1 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 95.5 4.2 13.6
wet 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
krt 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
xet 40 50 100.0 0.0 i.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 CCl3F obtained in charge exchange with
Nof and F' ions of low kinetic energy (KE). The electron

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

. ments are also given.

I“iiﬁ"‘f ,g 0013* cc12F* c012+ Igg;r*"' ccat cit ot rt ¢

Net 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

Ft 17 . § § 11.5 56.6 9.0 3.6 19.9 0.0 1.4

35 § § 9.9 55.3 9.9 %.0 19.9 0.0 0.9

100 § § 9.9 49.1 12.4 T.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. 51.6 11.8 7.7 15.4 0.0 1.2
o |36) 2 100 3 11 8 13 8 0.1
AP |36 13.8 12.3  18.§ 17.0 21.2 21.2 19.1 129.5
AP |37] 12.8 12.0 - 17.4 - - - -

§ mot measured
¥ not included in the nmormalismation

N “
‘-

reern)
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Table 4. Mass spectra of CH4 obtained in charge exchange

with CO% and si* ions of low kinetic energy (XE).

Inlet pressure is 50 p. The CH4+ ions obtained
wvhen bombarding with. sat can be produced oanly by

RE 13.47 oV [9). Comparison with CO' {RE 14.0 eV)

; _ shovs that the cross section is not swall.

Incident KE Ions

| ion .V mu+ m%*‘ m5+ cut R
’ co? 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
sat 40 624 . 32.9 4.7 0.0 2.7
100~ 65.8 - 130.1 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
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Fig. 1. a) Franck-Condon factors for ionization of 0,.
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