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Cross sections for ion formation in (' + O, collisions have been mcasured as a function of the kinetic energy up to 15 eV.
Charge transfer is found to give rise to ¢ , 03, C7, 03 and free clectrons. Five processes leading to these ions have been iden-
nllcd Reactive ionization is taking place, proceeding auurdmg to three processes: C + 03— CO '+ 0 +e”,C0O" + 0"and CO +

O +e”

1. Introduction

The development of atomic beam sources in the elcc-
tron volt region about six years ago has led to an exten-
sive study of charge transter processes in atom- molecule
collisions [1-3]. The various aspects of alkali - halogen
charge transfer processes have especially been the sub-
ject of investigation. Relatively unexplored however,
are atom—molecule collisions in which no alkalis or
halogens are involved. These systems are of interest
since in these instances ionization requires a close ap-
proach of the colliding particles, and reactive ionization
is frequently observed |3 5].

Among the many possible collisional ionization ex-
periments with non-alkalis which can be done, the sys-

tem C + O, (see table 1) is of particular interest. Wexler

[3], who studied angular distributions of positive ions
formed in collisions of sputtered C atoms with 0, mol-
ecules (however, without velocity selection of the C
beam), found that both C* and O; ions are formed.
This indicates that in C + O, collisions two competing
charge exchange processes are occurring, a feature that
has never been observed before in any other system.

In this letter we report measurements on the various

processes which take place in C + O, collisions as a
function of energy up to 15 eV. It wnll be shown thal
besides the charge transfer processes various reactive
lunization processes occur.

Table 1

lonization potentials (IP), electron affinitics (EA) and dissocia-
tion energies £ 4. of some C and O containing atoms und mol-
ec.ulcs VJIues are expre»ed ineV
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P |11 EA E . (25°) [11]
C 11.26 1.27 (17} ~

o) 13.61 1.47 (11] -

0, 12.06 0.43 |16] 5.16

Co 14.01 ~1.75 (18] 11.14

C, 12.0 3.54 (12} - 6.25
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2. Experimental
2.1. The apparatus

The apparatus has been described previously [6].
Purticles are sputtered trom a polycrystalline carbon
target by a 6 keV Ar" ion beam, and after velocity se-
lection and collimation crossed with a thermal oxygen
beam. Charged particles formed in the C + 0, collisions
are accelerated in an electric field of 400 V/un pass a
magnetic spectrometer and are counted on a particle
multiplier. In order to reach the high velocities required
for the present experiment, a larger velocity spread than
usual was applied on the selector. The velocity selector
was culibrated using aniline (An) as target gas, measuring
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Cl+ An—=CI"+ An* - 4.08 ¢V [7]. which has a lincar
energy dependence of the ionization cross section. The

resolution Ar/r of the selectpr was determined to be
15%.

2.2, Carbon heams obtained by sputtering

The energy distribution dS/dF of sputtered C atoms
from polycrystalline tugets is not yet known experi-
mentally. In general however. after mechanical velocity
selection, the flow of sputten,d atoms is proportional
to F (dS/dE) & 12 )(E + I )" .in which F is the ki-
netic encrgy of the atoms. l the binding energy of the
atom on the lattice (/7 = 7.4 eV forC |8])and nisa
constant between 1.5 and 2 [6.9.10]. Since this func-
tion varies only about 15% for C in the energy range in
which the present experiments are done, the counting
rates on the multiplier are considered to be proportional
to the ionization cross sections.

It is to be expected that C » molecules (dissociation
energy 6.25 eV [11]) and excited C atoms are also
sputtered from the target. Indeed. crossing sputtered
beams from C or WC targets with An. strong signals
were observed froni the process (‘2 +An ('._; + An':
crossing the sputtered beam with oxygen however, no
trace of Ci or ('; molecules was detected. Obviously,
the ionization cross sections for C, + O, are negligible
compared to C + O, . Therefore in the interpretation
of the data of the following sections the presence of
C, is not considered.

(‘ has two long lived excited states at low energics.
the !Dand the 'S stdte lying respectively 1.26 and
2.68 eV above the P ground state [13]. Onc might ex-
pect that part of the sputtered C atoms are in this state.
However, no shifts were observed in the thresholds of
ions formed in C + O, collisions, which may be due to
the presence of excited atoms. It is not clear if the ion-
ization cross sections for these atoms are indeed so
low, or that the excited atom is quenched before the
ionizing collision takes place. A third explanation may
be that the singlet states are simply not sputtered. A

.. . co +
similar effect has been observed in neutralization of He

on Cu surfaces {14}, in which only the triplet He states
are populated.
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Fig. 1. Production of (*, CO*, 0" and 03 ionsin C + 0O, colli-
sions as a function of the C -0, c.m. energy. The ¥ axis re-
prescnts the multiplier current in counts per second, which is
in a good approximation proportional to the cross section (see
section 2.2). For some experitnental points, the statistical un-
certainty has been indicated.

3. Results

In figs. 1 and 2 the intensities of the ions formed in
C + 0, collisions are given as a function of energy. As

‘has heen mentioned hefore, the » axis is about pmpor-

tional to the cross sections. Apart from the species C*
and 02 which are reported by Wexler [3], also C~, OF,
07.0§ and CO" ions are observed. From figs. | and 2
it can be seen that the cross section for formation of
positive ions is much higher than for formation of nega-
tive ions. This implies that also a considerable amount
of free clectrons is produced in C + Q, collisions. In
our system however. electrons cannot be detected di-
rectly. Table 2 gives the relative intensities of all de-
tected jons with a non-selected beam, and at 14.2 eV,
together with the thieshold cnergies. The relative inten-
sities are accurate within 10%. Most thresholds were
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Fig. 2. Production of (7, O and ()’2 ons in C + O, collisions as
@ function ol the € - O can. energy. The ¥ axis represents the
multiplicr current in counts per second, which is in a good ap-
proximation proportional to the cross section (see section 2.2).
For some experimental points, the statistical uncertainty has
been indicayted.

determined by titting the experimental results with a
linear model cross section (1.F) which is convoluted with
the resolution tunction of the velocity selector, as de-
scribed previously [7]. The O™ curve however, gave no
fit; here a step function model (SF) was used. The sharp

Table 2
Relative intensities of the observed ions in C + 05 collisions,
with non-sclected beams and at 14.2 eV c.m. energy. Eihy is
the experimental threshold energy for the ions. LF and SE are
thresholds found by fitting with a lineai and a step function
model, RE are rough estimates (see text)

po——— . . - - e - - e “ e eere ereme. .- - cam— AP OO « e

Elhr‘ew

Intensity Intensity
unselected 14.2 eV
* 100) 26 11.220.2(LF)
o' 22 8 7.9 £ 0.3 (L)
co’ 45 100 7.9 + 0.2 (LF)
03 38 13 10.6 £ 0.2 (LF)
o 13 3 11 tl (RE)
) 52 18 | 6.5 1 0.3 (SI¥)
15.1 £ 0.3 (SF)
03 10 2.5

105t 1 (RE)
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increase at high energy in the O curve may reflect the
onset of a new process. s threshold was calculated by
subtracting the signal at lower energies and litting with
the SE procedure. The thresholds for C™ and O pro-
duction were not determined by fitting with a model
cross section, since the signal to noise ratio of the ex-
perimental points is rather poor. Here, only a rough
estimate is given (RE).

From the density of the O beam and an estimate

of the C beam flow we calculate that a signal of 10 ¢/fs

at the multiplier collector corresponds to a cross section
in the order of 0.2 -0.5 A2

4. Discussion

The charged products can be divided into two groups.
Referring to the charge of the C ion, they will be called
the positive channel and the negative channel. The po-
sitive chunnel leads to C*, 07, 07 and CO" formation,
the negative channel to C~, O and ();. Fig. 1 thus re-
presents the positive channel and fig. 2 the negative
channel. From these figures and from table 2 it follows
that the negative channel has a considerably lower cross
section than the positive channel. Table 3 gives the

-threshold energies for charge transfer and reactive ioni-

zation in both chaunnels, calculated trom the data of
table |. In this section we will discuss both channels
separately and identify the processes occurring in C + O,
collision with the aid of the tables and figures.

Table 3 - |
Culculated threshold energies for ionization processes in C + O,
collisions

- - - - . - . . © ie e ma s se eeme s - . Cors o mermes geer esmees ase- o - aveme ep———

Positive Channel Negative channel

es W oo wmm  cmem v wny - - ceene -

C+0p~  Ey, (eV) C+0y—

® s o ma e i ca eme S G egE———

.. . —epcemme o e -

*+0;

¢l 1083 C+0% 10.79 charge
2 (Y+04¢ 11,26 C+0%+¢  12.06 transfer
3 C'+OT+0 1495  C +0%'+0  17.50

rl CO'+0O 6.56 - CO +0O' 9.38 reactive

2 CO'+0+¢  8.03 CO+0Q*'+¢  7.63 ionization
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4.1, The positive channel

As can be seen in fig, 1, the first peaks which appear
in the positive channel are CO* and 0. Up to aboyt
7 eV these signals have cqual intensity. This implies
that these iong originate from reaction rl in table 3.
C+0,~ CO* + 07 Indeed, the threshold for O for-
mation (table 2) agrees within the experimental error
with the calculated threshold for COY + O~ formation
as given in table 3. At higher energies. the CO* signal
rises higher than the Q7. Apparently in this encrgy re-
gion, the reaction r2 (C ¢+ ()2 0" +0+ e”) also
takes place. At higher energies the cross section for r2
Is much larger than for r1. The threshold for CcO* tor-
mation, found by lincar extrapolation (table 2) is

mainly determined by process r2. and agrees within the

experimental error with (he theoretical value in table
3, If the O~ signal is subtracted from the CO' signal.
the LF threshold of the resulting CO* curve becomes
about 8.0 eV, and is thus in agieement with its theoret-
ical value for process r2.

Above 10 ¢V, also C* and 03 ions are formed. The
O, tormation must he due to the (.imrge transfer pro-
cess cl,C+0, ~ C*+ 03. The C* signal however rises
much faster lh,m the ()2 mdu.dtmg that C* jons are
dominantly formed in prmcss ¢2,C+0, C*+ 0, +
e”. The threshold for C* in table 2 agrces with the theo-
retical value of this latter process. Finally. O™ shows a
sharp increase at 13 eV. Of course, this effect may be
due to an increase of the CO* + O™ cross section. How-
ever, a fit of this increasing signal with the SF model
yields a threshold of 15.1 eV (see table 2), which agrees
within the experimental error with the theoretical
value of process ¢3 giving C* + 0™ + 0. We therefare
have the impression that this latter process is re-
sponsible for the increase of the O signal at high en-
ergies. Summarizing, it can be concluded that all'pro-
cesses rl, r2, cl, ¢2, c3 contribute to jon formation in
the positive chanpel.

As can be seen fram fig. I, the OF signal is very low
compared to C*. The whole C* wrvc however can be
fitted with thc LF model, yielding the threshold for
the process C + O, - C*+ 0, ¢ . and not for the
energetically more favorable prucess( +0, - c*t+
03, as can he seen from tables 2 and 3. Thns indicates

thdt the *“real” C* curve (measured with an jdeal velocity

selector with infinite resolution) behaves as follows: it
has a low value betwoen the €7 + 0 and €' + 0, + €7
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thresholds and shows a sharp linear increase if this latter
process becomes energetically possible. This behaviour
is completely different from K + 0, collisions. in which
no such increase in the total charge transfer cross sec-
tion is observed at the K* + O, +e¢ threshold [15].
This is duc to the fact that in this system the colliding

‘particles separate as K* + O3, after which free electrons

may he formed by autoionization of vibrationally ex-
cited OF ions. Therefore the charge transfer cross section
rcﬂccis“nnly the behaviour of K¥ + 05 formation, since
this autoionization is a secondary process. The sharp
increase in the C* curve on the other hand indicates,

that in the present case the electrons are formed before
the colliding particles separate as C* and O5. thus if
these particles are close togethcr On the umtrary at

the energy where the channel C* + 0~ + O is opened,

n extra increase in the C* curve is observed: the whole
C* curve can be fitted with the LF model for C* + O, +
~ formation, This means that the process C + 0, >
,(‘ +0 + 0 is related to C* + O, +e” tormatlon since

O~ formation apparently occurs at the cost of electron
formation,

The differences in hehaviour in the charge transfer
processes in ' + 0O, and K + 0, collisions can be under-
stood as follows. In C + 0o, colllsmm ionization requires
a much closer approach ol the colliding particles than
in K +0,.since the thresholds are much higher. Where-
as the 03 formation can be described by Franck--Condon
tr'meltmns in the O, potential curves in K + O, forma-
tion, thi% is no longcr possible for C + 0, . It is known
that C has a very strong chemical attractmn to O,. From
the fact that reactive ionization has a large cross section
in this system, it can be concluded that these attractive
forces play a very dominant role in C + O2 collisions.
This means that these collisions have to be described on
the whole system of potential hypersurfaces of the CO,
pseudomolecule as a three-body problem. The processes
C+ 0, - Ct+ O; and C* + O, * ¢ apparently describe
very different paths on these hypersurfaces. which leads

~to the ohserved behaviour of the C* cross section curve.

The CO" threshold in tahle 2 agrees with the process
cC+0, » CO* +0O +e¢”. The weak O~ signal on the other
hand rcﬂects the process C+0,~C O* + O". Appar-
ently, the “real” CO* curve bchavcs like C*: a low cross
scction hetween hoth thresholds and a steep rise above
the second one. This indicates that free electron forma-
tion does not occur after the separation of CO* and O
ions by autoiopization of the O~ ion. Clearly also in this
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case the tree election is formed when the colliding
particles are close lug,clhc In this pictyre itis interest-
ing that the C+ 0, »CO' + O ¢cross section is hmdly
encigy dependent, wlulc the C+0Q, ~CO'"+0+¢™
cruss section shows o dramatic incr:*asc with encrgy in
fig. 1.

As can be scen from table 2 and tig. 1, the cross sec-
tion tor CO* Inrm.llmn at 14.2 eVis ahuul a factor of
four highcn than for C*. 1o unselected beams however,
the CO* signal is only fifty percent of the CV signal.
This indicates that at very high energics the CO" cross
section will become lower than the C* ¢ross section. I
ts indeed to he expected that at high energies reactive
ionization will have a small cross section, since the pro-
bability tor rearrungement will be lower if the collision
time is decreased.

No signal could be detected of the associative ioniza-
tion process C + O2 -* (‘03 +e - 2.28 ¢V. Thisis in
contrast to the systems U, Ti, Ce, Ba + O, in which as-
sociative ionization has been observed |3 5].

4.2. The negative channel

In the negative channel, €=, 0% and O., jons are
formed. Since the O2 llucslmld lies below 11 eV, the
processcl (C+0, - C™ +0! 5 ) apparently contributes
1o the negative c.hdnncl Fiom the experitmental O
threshold we find an electron affinity of 1.5 eV fur C
atoms, which is in agreement with the value given in
table 1.

As cun be seen from fig. 2, the C~ signal is much
Jower than the O signal for hlghcr energices. This indi-
cates that there IS a considerable contribution of the
process ¢2 (C + 0, ~C+ O} +e7)in the negative chan-
nel. In contrast to the prm.csscs cl and ¢2 in the posi-
tive channel, in this case the O3 curve can be fitted
with the LF model of the cncrgetlwlly most tavourable
process C + Q, » (™ + 0O}. This nmlualcs that the pro-
cess ¢2 proceeds as follows: C + () ~C"+0Y (4t
OJ' te, i

As can be seen from fig. 2, 0" ions are formed far
below the threshold gt 17.5 eV of process ¢3, gwing
(" +0" +0. The experlmcntul threshold for O*
even lower than for O This can only be cxplamed if
0" ions are formed in one ol the reactive ionization
processes rl or r2. From these two possibilities the C +
0,-CO" +0' threslmld i8 significantly hlghcr than
the experimental O threshold. Therefure O must be
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formed in the process r2: C+0, »CO+0" +e”. It
can however not be excluded that at higher energies

the process (' + O, »CO™ + O" also contributes to 0"
tormation. CO™ ions are unstable and autionize in a
short time. Therefore they can never be detected on the
multiplier.

Up tonow, C + O2 is the only system in which ion-
ization in both the positive and negative channel is ob-
served. Wexler [3] who only observed the C* and O"
jons, assumed that these products are formed in both

charge exchange processes ¢l giving Ct + 07 and C™ +

O; respectively. He suggested that the existence of both
processes ¢ 1 is due to the low difference in the thresholds
(10.83 eV and 10.79 eV respectively).

Our measurements indicate that C* is mainly formed
in the process C + 0, - C*+ O, +e”. This does not
mean however, that chlu s argument is invalid. In
fact, if the first step in the collision is a promotion of
the system to the C* 0, or C” O hypersurface, after
which electron loss or rcarrdngement takes place, Wexler's
explanation can still be applied. It is not impossible,
however, that for the positive channel in which reactive
lonization is so dominant, the first step is CO + O forma-
tion, after which ionization takes place. If this is the
case, the existence of both channels might be correlated
with the strong chemical interactions in the C— O sys-
temn. It would be interesting to see if a system hke Si—
O, , in which the three budy interactions are expected
to be analogous to (" -0,, also gives ivnization in both
channels,
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