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Multiple ionization of CO due to electron impact

Cechan Tian* and C. R. Vidal
Max-Planck-Institut fu¨r Extraterrestrische Physik, P.O. Box 1603, 85740 Garching, Germany

~Received 23 September 1998!

The absolute cross sections of all the possible dissociation channels following the electron-impact multiple
ionization of CO have been measured. The cross sections of the channels corresponding to the production of
ion pairs are measured by coincidence techniques. Those of the channels associated with neutral fragments are
obtained indirectly. At high excitation energies, the total cross sections of different stages of ionization show
an exponential decrease as the ionization stage increases. The cross sections of different channels reveal the
internal dissociation dynamics of the dissociation following the multiple ionization of the molecules. The
appearance potentials corresponding to different dissociation channels are also measured, which show that the
ground states of triply and quadruply ionized CO are nearly Coulomb-like because the Coulomb interactions
inside the molecules are stronger.@S1050-2947~99!10302-0#

PACS number~s!: 34.80.Gs, 34.50.Gb
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I. INTRODUCTION

In recent years the dynamics of the multiple ionization
molecules and the structures of the multiply charged m
ecules have attracted growing attention@1#. The determina-
tion of the structures and bonding arrangements of the m
tiply charged molecules can lead to a wealth of informat
about the nature of the interatomic interactions. Recen
continuous efforts have been made to gain a better, m
quantitative insight into the structure of the ions themsel
and into the mechanisms and kinematics involved in th
reactions. Studies of the multiply charged molecules c
tinue to present a serious theoretical as well as experime
challenge. The high density of the electronic states in s
species makes accurate calculations rather difficult and
mands the use ofab initio quantum-chemical methods we
beyond the simple Hartree-Fock level. The relatively hi
energies required for their formation and the intrinsic ins
bility of the ions complicate the experiments. Despite t
relatively simple and stable structures of the doubly char
molecules, the knowledge of the electronic structure of m
doubly charged molecules is still ambiguous. So far N2

21

and NO21 are the only two molecules on which rotational
resolved spectra have been achieved@1#. N2

21 was studied
with the photofragment spectroscopy@2–4#, whereas NO21

was studied with the technique of photoemission spect
copy @5,6#. The experiments on the doubly charged m
ecules include the threshold photoelectron coincidence s
troscopy of a number of diatomic molecules@7,8#, photoion-
photoion coincidence measurement of the ionic fragme
@9–13#, electron impact ionization@14#, and Auger electron-
ion coincidence spectroscopy@15#. The theoretical work on
the doubly charged molecules consists mostly of the ca
lation of the lowest electronic states@10,16,17#; some of
these levels have been observed experimentally@2,3,10#. In
the case of triple and higher ionization, the existing expe
mental results are mostly from intense excitation such

*Present address: Department of Physics, Texas A&M Univers
College Station, TX 77843-4242.
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heavy-ion collisions@18,19# and high-intensity laser ioniza
tion @20,21# except for a few results obtained with photoio
photoion coincidence@11# and electron-impact experimen
@22#. The theoretical work on the multiple ionization of mo
ecules is mostly from Handkeet al. @23–25# who calculated
the electronic states of the triply ionized CO.

In this paper we report the absolute cross sections of
ion-pair formation channels of carbon monoxide due to el
tron impact for electron energies from threshold to 600 e
From the cross sections of the ion-pair formation of CO a
our previous results on the electron-impact ionization of C
@26#, the absolute cross sections of the possible dissocia
channels of CO at different ionization stages are derived

The cross section of electron-impact ionization is prop
tional to the square of the transition matrix element for t
transition from the initial to the final state, to the density
the final states, and to the inverse of the incident veloc
@27#. The absolute ionization cross sections will provide t
density of the state distribution of the multiply ionized mo
ecules. In their theoretical work Handkeet al. @23–25# cal-
culated the electronic states of the triply ionized carbon m
oxide. They derived the relative cross sections for the tri
ionization of CO and compared it with the relative-cros
section measurement of Spekowius and Brehm@22#. We
hope that the present absolute cross sections of triple ion
tion will provide some further information on the triple ion
ization of CO. Furthermore, the results on the double a
quadruple ionization of the present work will provide an a
ditional understanding about the structure and the dissoca
dynamics of multiply ionized molecules.

II. EXPERIMENT

A. Experimental setup

In order to measure the cross sections of ion-pair form
tion produced by the dissociation of the multiply ionized C
the two ions must be measured by coincidence techniq
The experimental setup consists of a crossed molecular
an electron beam and a focusing time-of-flight mass sp
trometer that are similar to those in previous work and ha
been described in detail@28,26,29#. Briefly, a continuous

y,
1955 ©1999 The American Physical Society



g
m
ut
o

am
a
d
.
as
s

is
u
t
f-

as
g
s
is
d
.

th
e

le

h

m
te
o

ith
ti
t

-o
f
iu

he
nt
tic
Th
as

e
w
b

re
F
u
b
a
e

ro
v

m
an

c-
and
air,
d
n-
a-
ut is
all
ther
t
g.
ion

d so
nci-

O

on
ith
c-

.
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molecular beam is crossed with a pulsed electron beam~100
ns! at right angles. The molecular beam is produced by a
flow from a long needle with an inner diameter of 0.4 m
passing through a skimmer. The top of the needle is abo
cm above the skimmer and the skimmer is about 6 cm ab
the electron beam. The interaction region is less than 434
34 mm3. About 100 ns after the decay of the electron be
a pulsed voltage is applied to the extraction mesh of the m
spectrometer. The ions are extracted into a specially
signed focusing time-of-flight~FTOF! mass spectrometer
The shield plates in the interaction region of the FTOF m
spectrometer cause the extraction mesh to perform a
plane-convex lens, which focuses the ions close to the ax
the FTOF mass spectrometer as the ions leave the ion so
region. It also reduces the divergence angle with respec
the extraction system of a normal Wiley-McLaren time-o
flight mass spectrometer. The flight tube of the FTOF m
spectrometer is segmented into two tubes of identical len
with a fine mesh in between. The fine mesh performs a
spherically symmetric lens if the voltage applied to it
about 1.3–1.4 times the voltage on the flight tubes. The
tection plane is thus the image of the acceleration plane
order to make the system more efficient in collecting
energetic ions produced by multiple ionization, the voltag
on the extraction mesh, the flight tubes, and the focusing
are increased compared to those in previous work@28,26#. In
the experiments the voltage applied to the extraction mes
typically 20.85 kV, that on the flight tubes is21.75 kV, and
that on the focusing mesh is22.33 kV @29#.

As described in detail in a previous publication@28#, the
focusing effect of the present time-of-flight mass spectro
eter raises significantly the tolerance of the detection sys
with respect to the initial kinetic energy and the starting p
sition of the ions. Ion trajectory calculations show that w
the present voltage settings the ions with an initial kine
energy as high as 25 eV per charge can be collected with
same efficiency as the thermal ions in the focusing time
flight mass spectrometer@29#. The kinetic-energy release o
the triple ionization of CO has been measured by Spekow
and Brehm@22#. We can see that the kinetic energy of t
ions is well within the collection capability of the prese
setup. For quadruple ionization, no data on the kine
energy release exist due to electron-impact ionization.
kinetic-energy release of quadruple ionization due to f
ion-beam collisions was measured by Sampollet al. @18# and
Mathur et al. @19#. If the kinetic-energy release due to th
electron impact is similar to that due to a fast ion beam,
are confident that more than 90% of the ions produced
quadruple ionization are collected by the present setup.

The major difference of the present experiment with
spect to the previous work is the coincidence technique.
the selective and exclusive detection of the products for m
tiple ionization of molecules, the ionic fragments have to
detected by coincidence. Two coincidence techniques h
been developed. In the first technique the coincidence m
surement is done with the conventional coincidence elect
ics. In the second coincidence technique we study the co
riance mapping mass spectroscopy of the fragments@20,21#.

B. Coincidence electronics

1. Configurations

The ion signal output from the microchannel plate is a
plified by a preamplifier and sent into two gated const
as
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fraction discriminators. The threshold of the constant fra
tion discriminators is set so that the ion signal can pass
the noise is eliminated. If we want to measure the ion p
e.g., C21-O1, the gate of the first discriminator is adjuste
so that only C21 can pass. Its output is sent to the multicha
nel scaler~MCS! as the start signal. The second discrimin
tor is ungated so that all the ion signals can pass. Its outp
sent to the MCS as the stop signal. In this way we obtain
the ions that are produced in the same electron shot toge
with the C21 ions. The typical coincidence time-of-fligh
mass spectra, with C21 as the start signal, are shown in Fi
1~b!. For comparison, a mass spectrum with an extract
trigger as the start signal is shown in Fig. 1~a!. We call it a
normal mass spectrum. The time offset has been change
that it can be shown on the same time scale with the coi
dence mass spectrum.

2. Removal of false coincidence

If we check the mass spectrum in Fig. 1~b!, we see that
the ions that show mass peaks are O21, C1, O1, H2O1,
and CO1. However, in the dissociative ionization of a C
molecule, no process such as

CO31→C211CO1 ~1!

FIG. 1. ~a! Normal time-of-flight mass spectrum at an electr
energy of 600 eV.~b! Measured coincidence mass spectrum w
C21 as the start signal.~c! Calculated false coincidence mass spe
trum with C21 as the start signal.~d! After subtracting~c! from ~b!,
a spectrum containing only true coincidence events is obtained
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PRA 59 1957MULTIPLE IONIZATION OF CO DUE TO ELECTRON IMPACT
can occur. The observation of CO1 indicates that false coin
cidence contributes to the observed mass spectra. The
pearance of the H2O1 peak further demonstrates the ex
tence of the false coincidence. In order to get accurate cr
section data, we must remove the false coincidence in
mass spectra.

In order to remove the false coincidence, we assume
the probability for the occurrence of a false ion-pair coin
dence is proportional to the probability for the production
each ion of the pair. In the case of C21 as the start signal, the
probability of the occurrence of a false coincidence even
the time binx can be described by

p~x!5E
Cmin

21

Cmax
21

NC21~x1!N~x11x!dx1 , ~2!

whereN(x1) is the probability for the occurrence of an io
event at time binx1 in a normal time-of-flight mass spec
trum. Cmin

21 and Cmax
21 are the minimum and maximum tim

bins of the mass peak of C21 in the normal mass spectrum
We get the probability for the production of the ions from t
normal mass spectrum when the trigger of the extrac
voltage is sent to the MCS as the start signal. We use Eq~2!
to calculate the probability for the occurrence of a false
incidence event with different ions as the start signal. T
scale is normalized to the mass peak of CO1 in the corre-
sponding measured mass spectrum.

The calculated false coincidence mass spectrum is sh
in Fig. 1~c!, with C21 as the start signal. We subtract th
false coincidence from the measured coincidence mass s
tra. We thus get the mass spectrum with only true coin
dence events. The achieved mass spectra are shown in
1~d!. Because we scaled the calculated mass spectrum t
measured mass spectrum at the mass peak of CO1, we see
that the mass peak of CO1 has disappeared in the final ma
spectrum. However, the mass peak of C1 has also almos
vanished because in the dissociative ionization of CO
process

CO31→C211C1 ~3!

cannot occur either. From this we conclude that the fa
coincidences in the mass peaks of O21 and O1 are elimi-
nated.

Here we note that there is the possibility of overestim
ing the false coincidence in such a subtraction process
measuring the cross section of the ion pair of C11O1, if the
cross section of the ion pair is not much smaller than
cross section for the production of O1, the calculated false
coincidence mass peak of C11O1 may contain considerabl
amounts of true coincidence events. In order to avoid suc
overestimate, we reduce the count rate in the measurem
so that the false coincidence count rate is much lower t
the total count rate. In this way we try to avoid large errors
the measurements. In measuring the cross section of the
pair of C211O1, C11O21, and C211O21, this problem
does not exist because the cross sections for these ion
are much smaller than those for the corresponding ions.
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3. Normalization and error estimate for the cross section
of the ion-pair formation

After we obtain the mass spectra only with the true co
cidence, we can get the absolute cross sections for the
pair formation by normalizing the coincidence counts to t
counts of the start events and the cross section values o
start ions. We measured the cross sections of the ions in
previous work@26#. The start signal is also counted durin
the measurement. In the example of C211O1, the absolute
cross section values are obtained by

s~C211O1!5
ncoincidence

nstartTh
s~C21!, ~4!

where n represents the counts of the coincidence and
start, respectively.T is the total transmission of the mesh
in the time-of-flight mass spectrometer.h is the detection
efficiency of the microchannel plate. We get the transmiss
of the meshes from the measurement of the optical trans
ency and the open area ratio from the manufacture
manual. The two data agree with each other. We geT
551.1%. For the detection efficiency of the multichann
plate, we use the open area ratio from the manufactur
manual, which is 60%. It has been proved experimentally
a number of authors that the detection efficiency of the
crochannel plate is equal to its physically open area ra
@30–32#.

C. Covariance mapping mass spectroscopy of CO

In the second coincidence technique we measured
cross sections of the ion pairs by studying the covaria
mapping mass spectroscopy of the ions. The technique
covariance mapping mass spectroscopy was develope
Frasinskiet al. @20,21#. In this technique the normal trigge
is used as the start signal of the MCS. In every single s
the autocorrelation function of the spectrum is calculat
After a long-time accumulation the mass spectra and the
incidence spectra are shown in a two-dimensional time
flight mass spectrum as in Fig. 2. The present experime
technique and the normalization procedures have been
scribed before@29#. A spectrum containing single events
also recorded at the same time, which is used to subtrac
false coincidence in a way similar to that of Bruceet al. @14#.
The covariance mapping mass spectrum after the remova
the false coincidence is shown in Fig. 3. Comparing Fig
with Fig. 3, we can clearly see that the orientation of t
false coincidence islands is determined by the shapes o
corresponding mass peaks. The orientation is usually h
zontal. However, the orientation of the true coincidence
lands is determined by the momentum and charge assoc
with the corresponding ionic fragments. In Figs. 2 and 3
orientation of C11O1 is close to 45°. However, the orien
tation of C211O1 and C11O21 islands is at a steepe
angle since doubly charged fragments are involved. Since
electric field in the interaction region is inhomogeneous,
do not want to compare the orientation angles with the c
culations directly. The absolute cross section of ion pairs
obtained by
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FIG. 2. Covariance mapping mass spectrum of CO at the electron energy of 200 eV.
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s~C211O1!5
ncoincidence

ntotalTh
s~ total!, ~5!

wherentotal is the total number of ions.s(total) is the total
ionization cross section of CO.T andh are identical to those
in Eq. ~4!.

Compared to the first coincidence technique, the met
of covariance mapping has the advantage of detecting al
ions and the ion pairs at the same time. The experimen
thus less time consuming. The relative values of the cr
sections are also more accurate.

D. Error estimate

The errors in the first technique originate mainly fro
data fluctuations, the error of the cross-section values of
start ions (;15%), the deviation of the transparency of t
meshes to the ions compared to that of light, and the subt
tion of the false coincidence. The technique of covarian
mapping introduces smaller errors in the relative amplitu
since all the ions and ion pairs are measured at the same
@29#. We expect that the overall error of the absolute value
about 25% for the data above 1310219 cm2. For those with
smaller values, the error is higher. We estimated it to be
240 %.
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E. Derivation of the cross sections of the other channels

In the multiple ionization of CO, we did not observe th
existence of stable CO31 and any ions with charge in exces
of 3. The different possible dissociation channels are liste
the following: single ionization,

CO1→CO1 ~6!

→C11O ~7!

→C1O1; ~8!

double ionization,

CO21→CO21 ~9!

→C11O1 ~10!

→C211O ~11!

→C1O21; ~12!

triple ionization,
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FIG. 3. Same as Fig. 2, after the false coincidence events are removed.
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CO31→C211O1 ~13!

→C11O21 ~14!

→C311O ~15!

→C1O31; ~16!

and quadruple ionization,

CO41→C211O21 ~17!

→C311O1 ~18!

→C11O31. ~19!

From the above equations we can clearly see which ch
nels contribute to the production of the ionic fragmen
Since we already got the absolute cross sections for th
products@26#, we can obtain in the present work the absolu
cross sections of the ion-pair channels. Therefore, we
deduce the cross sections of the other listed channels
cannot be measured directly. Here we want to note that
polar dissociation channels such as CO→C11O2 and CO
→C21O1 also contribute to the production of the positiv
n-
.
se
e
n
at
e

ions. In the present work we cannot get the cross sections
these channels. However, these cross sections are expec
be negligibly small compared to those of the channels to
deduced.

III. RESULTS

A. Dissociation channels

Single ionization has three possible channels, as liste
Eqs. ~6!–~8!. The products of the three channels a
CO1, C11O, and C1O1, respectively. The cross section
for these three channels are shown in Fig. 4 and are liste
Table I. The cross section of the production of CO1 is from
our previous paper@26#. We also measured this value in ou
present experiment again. The results agree with the prev
measurement. We see that among all the channels of si
ionization, the most preferred one is the formation of sta
CO1 because most of the lowest levels of CO1 are the stable
and long-lived ones@33#.

The four possible reaction channels after double ioni
tion of CO are listed by Eqs.~9!–~12!. The cross sections fo
these channels are shown in Fig. 5 and are tabulated in T
II. The data for CO21 are from our previous paper@26#. In
the present work these data were measured again. They a
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with the previous results within the experimental errors. W
see that after the double ionization of CO, the reactions
dominated by the separation of the CO21 into the two ionic
fragments of C11O1. The lowest electronic levels of CO21

are characterized by a deep minimum and a high bar
against dissociation into C11O1. The potential wells sup-
port a number of metastable vibrational levels, located
above the dissociation limit. The lower ones are very lo
lived, while the levels close to the potential maximum m
tunnel through the potential barrier on time scales down
picoseconds@1,7,8#. The higher electronic levels are most

FIG. 4. Cross sections of the possible reaction channels afte
single ionization of CO. The products are CO1 ~-s-!, C11O
~-(-!, and C1O1 ~-% -!. The total cross section of single ionizatio
is shown by -d-.

TABLE I. Cross sections~in unit of 10219 cm2) of different
channels of single ionization of CO.

Energy~eV! C11O C1O1

25 31.0
30 57.0 3.00
35 110 20.0
40 146 38.0
45 179 53.2
50 201 84.4
60 220 107
70 224 120
80 233 138
90 224 144

100 218 138
125 197 121
150 183 118
175 172 113
200 157 109
225 151 107
250 142 98.9
275 131 93.0
300 127 84.9
350 112 78.9
400 101 70.7
450 92.9 62.8
500 86.0 59.9
550 81.4 56.4
600 78.3 53.4
e
re

er

r
g

o

strongly repulsive levels@10#. Some branch of the excitatio
of the CO molecules to the lowest electronic levels results
metastable CO21, which is the origin of the measure
CO21. The excitation to higher electronic levels resu
mainly in unstable CO21, which subsequently dissociate
into C11O1. The ion pair of C11O1 appears at about 38
62 eV, even before CO21(4261 eV). As pointed out by
Lablanquieet al. @10# and Masuoka and Nakamura@11#, the
production of the ion pair of C11O1 at the low electron
energies is due to the autoionization of (C O1)* .

Since no data exist for direct comparison with the pres
experiments, the only data we can refer to is the photoi
ization cross sections measured by Masuoka and Nakam
for the photonenergies from threshold to 100 eV@11#. In

he
FIG. 5. Cross sections of the possible reaction channels afte

double ionization of CO. The products are CO21 ~-s-!, C11O1

~-(-!, (C211O)310 (-% -), and (C1O21)310 ~-^ -!. The total
cross section of double ionization is shown by -d-. The calculated
data are also included, as shown by box symbols. For more de
see the text.

TABLE II. Cross sections~in unit of 10219 cm2) of different
channels of double ionization of CO.

Energy~eV! CO21 C11O1 C211O C1O21 Total

45 0.01 10.7 10.8
50 0.84 19.5 20.4
60 2.63 45.7 48.5
70 5.34 70.6 1.09 77.0
80 6.22 86.8 2.79 0.40 95.9
90 7.57 102 4.57 0.76 115

100 8.21 118 5.36 1.15 132
125 8.60 133 6.99 1.95 150
150 7.88 132 8.09 2.53 151
175 8.51 127 8.47 2.79 147
200 6.97 118 8.14 2.78 136
225 7.45 111 7.76 2.85 129
250 6.69 102 7.56 2.77 119
275 5.85 93.6 7.01 2.47 109
300 5.48 88.9 6.62 2.28 103
350 4.57 79.4 5.98 2.08 92.0
400 4.50 70.8 5.41 2.09 82.8
450 3.72 62.0 4.66 1.54 71.9
500 3.31 56.9 4.37 1.57 66.2
550 3.29 51.8 4.19 1.48 60.7
600 3.35 47.8 3.87 1.32 56.4
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photoionization the cross section is proportional to the os
lator strength of the transition at the photon energy. Ho
ever, in electron-impact excitation the electrons excite all
possible transitions within the excitation energy range. T
cross section is approximately proportional to the integra
the oscillator strengths of all the possible transitions. In t
crude picture, we calculated the electron-impact ionizat
cross sections of the ion pair C11O1 and CO21 from the
photoionization cross section of Masuoka and Nakamura
normalized the calculated value of C11O1 to the experi-
mental result at 100 eV. The results are also shown in Fig
We see that the relative cross section of (C11O1)/CO21

shows excellent agreement with the experimental results.
though in the measurement of Masuoka and Nakamura
time window of detection of CO21 is slightly different from
the present work, we hope to show that the amplitude of
present results on ion-pair formation are in reasonable ag
ment with the photoionization cross section of Masuoka a
Nakamura@11#.

The main pathways of the dissociation after the triple io
ization of CO are the channels of ion-pair formation, whi
are described by Eqs.~13! and ~14!. The cross sections fo
these two channels are shown in Fig. 6 and are isted in T
III. Those of the channels associated with the neutral pr
ucts are expected to be small. Handkeet al. @23–25# calcu-
lated the electronic states of the triply ionized CO. Th
suggested that there might be some electronic states
very shallow potential wells. However, no stable CO31 was
observed in the experiment.

The cross sections for the two ion-pair formation chann
of the triple ionization were also measured by Spekow
and Brehm@22#. Since no absolute values were given in th
work, we normalized their results on C211O1 to our abso-
lute value at 250 eV. We see that the two measurements
show reasonable agreement with respect to the relative
ues of the two channels. The agreement on the relative s
of the two measurements on the channel of C211O1 is not
satisfactory. We believe that the present measurements
more accurate since the experimental arrangement of
kowius and Brehm discriminated strongly against fast io
At different electron energies, the kinetic-energy distrib

FIG. 6. Cross sections of the channels C211O1, C11O21,
and (C311O)330 after the triple ionization of CO. -d-, present
work; h, Spekowius and Brehm@22#; ——, Handkeet al. @23#.
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tions of the ions are possibly different. The discriminati
against fast ions may result in a variable collection efficien
and the subsequent inaccurate measurement of the rel
shapes. Handkeet al. @23–25# calculated the total cross sec
tion of the triple ionization. The result is also included in Fi
6. No absolute data were given in their work. We normaliz
their results to our total cross section value at 250 eV.
see that their calculation then shows good agreement
the present measurements.

In the work of Spekowius and Brehm, the authors o
tained a very crude absolute-cross-section value for the tr
ionization at 1000 eV. For the channels~13! and ~14! they
measured the relative cross section of triple ionization w
respect to the total ionization cross sections and got the
ues of 6.731024 and 1.331024 for s31/s total at 1000 eV,
which corresponds to about 7310220 and 1.4310220 cm2,
respectively. If we extrapolate the absolute values to 600
along their curves, the absolute values for these two chan
at 600 eV will be around 1.0310219 and 0.2310219 cm2.
Those values are smaller than the present results by a fa
of 5. If the absolute values of Spekowius and Brehm w
accurate and we normalized our measurements on ion-
formation to their value, all the absolute cross sections
ion-pair formation in the present work would have to
decreased by a factor of 5. This would change the rela
value of C11O11 to CO21 significantly. The agreemen
between the present work and that of Masuoka and Na
mura @11# on the relative production of C11O1 and CO21

confirms that the present measurements on the absolute
sections of triple ionization are accurate.

The cross sections for the reaction channels C211O21

and C311O1 after quadruple ionization are shown in Fig.
and are listed in Table IV. The error is about 30240 % be-
cause of the extremely small values. The cross sections
the other channels after the quadruple ionization are sma
than 2310221 cm2 at an electron energy of 600 eV. N
experimental or theoretical results exist for comparison.

TABLE III. Cross sections~in unit of 10219 cm2) of different
channels of triple ionization of CO.

Energy~eV! C211O1 C11O21 C311O Triple total

90 0.21 0.21
100 0.99 0.15 0.99
125 2.65 0.54 0.019 3.22
150 3.87 0.94 0.041 4.87
175 4.43 1.21 0.057 5.70
200 4.82 1.32 0.062 6.21
225 4.91 1.34 0.071 6.34
250 4.67 1.22 0.067 5.96
275 4.20 1.37 0.078 5.65
300 4.05 1.34 0.056 5.45
350 3.56 1.13 0.053 4.74
400 3.37 0.93 0.062 4.38
450 3.02 1.00 0.055 4.09
500 3.03 0.92 0.057 4.01
550 2.65 0.70 0.048 3.41
600 2.58 0.79 0.045 3.43
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see that the channel of equal charge separation dominate
dissociation.

The cross section for the production of C31 was not re-
ported before. It is shown in Fig. 8 and Table V. The data
C21 and O21 have been reported before by the present
thors @26#. The present results agree with the previous d
within the experimental errors despite the different expe
mental settings. They are also shown because the pre
data fluctuations are smaller.

B. Neutral production

The absolute cross sections associated with the produc
of neutral fragments are also obtained in this work after
neglected the contributions from the polar dissociation ch
nels. As shown above, we have obtained the absolute c
sections for the channels~7!, ~8!, ~11!, ~12!, ~15!, and ~16!,
which are associated with the production of neutral fra
ments. The sum of Eqs.~7!, ~11!, and~15! and that of Eqs.
~8!, ~12!, and ~16! give us the absolute production of th
neutral fragments O and C during the electron-impact dis
ciative ionization of CO, respectively. A number of autho
were engaged in the measurements of the cross sectio

TABLE IV. Cross sections~in unit of 10219 cm2) of different
channels of quadruple ionization of CO. The last coloumn is
cross section for C31 production.

Energy~eV! C211O21 C311O1 Total C31

125 0.019
150 0.011 0.002 0.013 0.063
175 0.054 0.01 0.063 0.067
200 0.10 0.021 0.12 0.083
225 0.19 0.017 0.21 0.10
250 0.21 0.025 0.23 0.092
275 0.26 0.025 0.28 0.10
300 0.24 0.035 0.27 0.090
350 0.25 0.040 0.29 0.093
400 0.23 0.032 0.26 0.10
450 0.24 0.035 0.27 0.090
500 0.24 0.038 0.28 0.095
550 0.22 0.050 0.27 0.097
600 0.19 0.054 0.25 0.099

FIG. 7. Cross sections of the channels C211O21 ~-(-! and
C311O1 ~-% -! after quadruple ionization of CO. -d- denotes the
total cross section.
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electron-impact dissociation into neutral fragments@34,35#.
However, in such work the normalization of the cross sect
to absolute values is usually difficult. In the present work t
absolute cross sections for the dissociative ionization into
neutral fragments are obtained indirectly. For the total p
duction of neutral O and C, the contribution from the diss
ciation of neutral CO must be considered. Cosby measu
the absolute production of neutral C and O from electr
impact dissociation of CO@36#. The total of his results and
the present result will give us the absolute production o
and O from electron-impact excitation of CO.

C. Appearance potentials

The appearance potentials of the ionic products and
ion pairs are shown in Table V. The existing experimen
results are also included. The data in the row oflimit are the
thermochemical limits of the different dissociation channe
Those in the row ofcalculatedare calculated assuming tha
the potential curves of the corresponding ion pair a
Coulomb-like and the internuclear distance is at the ou
tuning point of the Franck-Condon region. From Table V w
see that the appearance potential of C11O1 is considerably
below the calculated results. However, for the ion-pair ch
nels after the triple and quadruple ionization, the appeara
potentials are in fairly good agreement with the calcula
results.

IV. DISCUSSION

When we plot the total cross sections of the different io
ization stages at 600 eV versus the ionization stage, we
served a surprising result. As illustrated in Fig. 9, the to
cross section shows a very good exponential decrease a
ionization stage increases. The cross section can be desc
by

s~q!5s~1!exp@2~q21!/T#, ~20!

whereq is the stage of ionization.s(1) is the cross section
for single ionization. The numerical fit gives a value
0.3489 forT. The quantum-mechanical principle shows th
the ionization cross section is proportional to the state d
sity, the transition probability from the ground state of ne
tral molecules, and the inverse of the electron velocity@27#.

FIG. 8. Cross sections for the production of C21 ~-h-!, O21

~-s-!, and (C31)330 ~-d-! versus the electron energy.

e
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TABLE V. Appearance potentials~in eV! of the fragments and the ion pairs in the multiple ionization of CO.

Reference C21 O21 CO21 C31 C11O1 C211O1 C11O21 C211O21 C311O1

Present work 60.063 70.063 41.062 10065 37.062 8463 9363 15065 15065
@39# 54.260.2 61.860.3
@10# 40.7560.5 38.460.5 8162
@40# 41.2560.05
@22# 8463 9564
@11# 56.461 7061 41.360.2 38.4 8262
limit 45.75 59.87 93.6 35.98 59.36 71.13 94.51 107.2

calculated 48.2 83.8 95.6 143.4 143.9
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In electron-impact excitation, the electrons can activate
the possible transitions with energies smaller than the e
tron energy. The ionization cross sections give us the in
mation of the integral of the state density and the transit
probability from neutral to multiply ionized molecules. Th
relation observed in the present experiment shows that
integral decreases exponentially as the ionization stage
creases. In the very recent work on N2 and O2 of the present
authors, similar relations were also observed@37#.

Previous experiments on the multiple ionization of m
ecules have been focused on high-intensity laser field ion
tion @38# and heavy-particle collisions@18#. The authors
measured the kinetic-energy release in the fragmentation
interpreted the kinetic-energy distribution of the fragme
by Coulomb-like or non-Coulomb-like models. In a very r
cent theoretical work@23# Handkeet al. pointed out that the
multiple ionization of molecules is related to numerous el
tronic states up to very high energies; the overall kine
energy distribution of the fragments cannot be explained
the models that just consider the lowest electronic lev
Here we multiplied the total cross sections t by AE. We thus
got approximate values for the integrals of the products
the electronic state density and the transition probability o
electron energy for singly, doubly, triply, and quadruply io
ized CO, respectively@27#. The results are shown in Fig. 10
We see that thes tAE values increase with increasing ele
tron energy and reach a constant value at approximately
electron energies of 80, 180, 230, and 500 eV for sing
double, triple, and quadruple ionization, respectively. T

FIG. 9. Total cross sections of different stages of ionization
600 eV versus the ionization stage. The experimental results
fitted to an exponential decay.
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suggests that at high excitation energies, the electronic s
at energies as high as 80, 180, 230, and 500 eV may con
ute to the single, double, triple, and quadruple ionizati
respectively. The result therefore supports the conclusion
Handkeet al. @23#. In the work of high-intensity laser field
ionization @38# and heavy-particle collisions@18#, where the
excitation energy is comparable to or even exceeds tha
electron-impact ionization, the contribution to the fragme
tation of the multiply ionized molecules can originate fro
very high electronic states. It is thus not reasonable to c
clude whether the dissociation is via Coulomb-like or no
Coulomb-like potential energy curves by just consideri
only the lowest electronic states. The kinetic-energy rele
may have complex distributions since numerous and v
high electronic states are involved.

The three-hole population analysis of Handkeet al. @23#
~Fig. 2 in @23#! shows that after the triple ionization of CO
the C21O22 character~one hole on C and the other two o
O! has an importance similar to C22O21. If we check their
calculation further we see that the CO23 character also has
an overall importance similar to C23O at higher excitation
energies. However, the present cross-section measurem
show that not only does the channel C211O1 have a much
higher cross section than C211O1, but C311O has a much
higher cross section than C1O31. This result supports an
other conclusion of Handkeet al. @23#, namely, that the dis-
sociation of the multiply ionized molecules does not proce
along potential curves. During the dissociation the nuc
may gain considerable momentum and jump from one cu

t
re FIG. 10. Dependence ofsAE on electron energy for single
double, triple, and quadruple ionization.
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to another. Experiment shows that the preference of
channels is always related to their dissociation limits. T
channel with a lower dissociation limit has a higher pref
ence in dissociation. This is the case not only for triply io
ized CO, but also for singly, doubly, and quadruply ioniz
CO.

The appearance potential measurements reveal som
formation about the lowest potential curves of the molecu
at different ionization stages. For double ionization fro
Table V we see that the appearance potentials for CO21 and
C11O1 are considerably lower than that predicted by t
pure Coulomb-like curve. This is because the bond inter
tion of C1 and O1 generates some metastable states w
shallow potential wells in the Franck-Condon region@16#.
We see that the appearance potential of CO21 is in good
agreement with the calculation. The appearance potentia
C11O1 is lower than that of CO21; this is due to the con-
tribution of the autoionization of CO1* .

For triple ionization, the appearance potential of the
pair C211O1 is in good agreement with the prediction of
pure Coulomb-like potential curve. This suggests that
lowest electronic state of CO31 is nearly Coulomb-like. Al-
most no shallow potential well can exist on this curve b
cause the Coulomb-like interaction of the C21 and O1 are
stronger. The appearance potential of C11O21 is close to
what is predicted by a Coulomb-like curve, although co
plex dissociation dynamics are involved. In the case of q
druple ionization, where the Coulomb-like interaction
even stronger, the appearance potentials of the ion pair
C211O21 and C311O1 are close to those predicted by th
Coulomb-like potential curves.

V. CONCLUSIONS

We report the measurements of the absolute cross sec
of all the possible dissociation channels following t
electron-impact multiple ionization of CO. The electron
states of the multiply ionized molecules are usually loca
d
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well above the dissociation limits because of the Coulom
like interaction of the charged pairs. The fragments from
dissociation of the multiply ionized molecules carry the k
netic energies as high as tens of eV, which makes it v
difficult to collect the fast ions. In order to measure the d
sociation channels of the multiply ionized molecules, t
ionic fragments have to be measured exclusively and se
tively and coincidence techniques have to be used.
present experiment was done in the focusing time-of-fli
mass spectrometer developed by the present authors, w
has high capability in collecting fast ions. Two coinciden
techniques have been developed to measure the abs
cross sections of ion-pair productions. The cross section
the channels corresponding to the production of ion pairs
measured by the coincidence techniques. Those of the c
nels associated with neutral fragments are obtained i
rectly. Generally, the error in the measurement is about 1
if the cross section value is not extremely small. At hi
excitation energies the total cross sections of different sta
of ionization show an exponential decrease as the ioniza
stage increases. The cross sections of the different chan
reveal the internal dissociation dynamics of dissociation f
lowing the multiple ionization of molecules and support t
very recent theoretical work of Handkeet al. @23#. The ap-
pearance potentials corresponding to different dissocia
channels are also measured, which show that the gro
states of triply and quadruply ionized CO are nea
Coulomb-like because the Coulomb-like interactions ins
the molecules are stronger.
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