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Multiple ionization of CO due to electron impact
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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 strongg$.1050-294{9)10302-7

PACS numbsg(s): 34.80.Gs, 34.50.Gb

[. INTRODUCTION heavy-ion collisiond18,19 and high-intensity laser ioniza-
tion [20,21] except for a few results obtained with photoion-
In recent years the dynamics of the multiple ionization ofphotoion coincidenc¢ll] and electron-impact experiments
molecules and the structures of the multiply charged mol{22]. The theoretical work on the multiple ionization of mol-
ecules have attracted growing attentidd. The determina- ecules is mostly from Handket al. [23—25 who calculated
tion of the structures and bonding arrangements of the multhe electronic states of the triply ionized CO.
tiply charged molecules can lead to a wealth of information In this paper we report the absolute cross sections of the
about the nature of the interatomic interactions. Recentlyion-pair formation channels of carbon monoxide due to elec-
continuous efforts have been made to gain a better, moron impact for electron energies from threshold to 600 eV.
quantitative insight into the structure of the ions themselvedrom the cross sections of the ion-pair formation of CO and
and into the mechanisms and kinematics involved in theiour previous results on the electron-impact ionization of CO
reactions. Studies of the multiply charged molecules conf26], the absolute cross sections of the possible dissociation
tinue to present a serious theoretical as well as experimentghannels of CO at different ionization stages are derived.
challenge. The high density of the electronic states in such The cross section of electron-impact ionization is propor-
species makes accurate calculations rather difficult and ddional to the square of the transition matrix element for the
mands the use ddb initio quantum-chemical methods well transition from the initial to the final state, to the density of
beyond the simple Hartree-Fock level. The relatively highthe final states, and to the inverse of the incident velocity
energies required for their formation and the intrinsic insta{27]. The absolute ionization cross sections will provide the
bility of the ions complicate the experiments. Despite thedensity of the state distribution of the multiply ionized mol-
relatively simple and stable structures of the doubly chargeé@cules. In their theoretical work Handlg al. [23—25 cal-
molecules, the knowledge of the electronic structure of moseulated the electronic states of the triply ionized carbon mon-
doubly charged molecules is still ambiguous. So faf™N  oxide. They derived the relative cross sections for the triple
and NG are the only two molecules on which rotationally ionization of CO and compared it with the relative-cross-
resolved spectra have been achiefgt N,2* was studied section measurement of Spekowius and Bref28]. We
with the photofragment spectroscof@-4], whereas N&" hope that the present absolute cross sections of triple ioniza-
was studied with the technique of photoemission spectrogion will provide some further information on the triple ion-
copy [5,6]. The experiments on the doubly charged mol-ization of CO. Furthermore, the results on the double and
ecules include the threshold photoelectron coincidence speguadruple ionization of the present work will provide an ad-
troscopy of a number of diatomic moleculgs8], photoion-  ditional understanding about the structure and the dissocation
photoion coincidence measurement of the ionic fragmentgdynamics of multiply ionized molecules.
[9-13], electron impact ionizatiofl4], and Auger electron-
ion coincidence spectroscop$5]. The theoretical work on Il. EXPERIMENT
the doubly charged molecules consists mostly of the calcu-
lation of the lowest electronic stat¢40,16,17; some of
these levels have been observed experimenfaly,1d. In In order to measure the cross sections of ion-pair forma-
the case of triple and higher ionization, the existing experition produced by the dissociation of the multiply ionized CO,
mental results are mostly from intense excitation such ashe two ions must be measured by coincidence techniques.
The experimental setup consists of a crossed molecular and
an electron beam and a focusing time-of-flight mass spec-
*Present address: Department of Physics, Texas A&M Universitytrometer that are similar to those in previous work and have
College Station, TX 77843-4242. been described in detail8,26,29. Briefly, a continuous

A. Experimental setup
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molecular beam is crossed with a pulsed electron b 50000 T T T T T T T

n9 at right angles. The molecular beam is produced by a gas 4000 @ co+
flow from a long needle with an inner diameter of 0.4 mm so000.] | €300

passing through a skimmer. The top of the needle is about 2

cm above the skimmer and the skimmer is about 6 cm above 200004
the electron beam. The interaction region is less tham 4 10000 0*x300
X4 mnt. About 100 ns after the decay of the electron beam

a pulsed voltage is applied to the extraction mesh of the mass
spectrometer. The ions are extracted into a specially de- 5001
signed focusing time-of-fligh{FTOF) mass spectrometer. 400
The shield plates in the interaction region of the FTOF mass 5]
spectrometer cause the extraction mesh to perform as a
plane-convex lens, which focuses the ions close to the axis of
the FTOF mass spectrometer as the ions leave the ion source %]
region. It also reduces the divergence angle with respect to 0
the extraction system of a normal Wiley-McLaren time-of- 5004 T ' ' ' J o A
flight mass spectrometer. The flight tube of the FTOF mass o, 1 © ]
spectrometer is segmented into two tubes of identical length §

with a fine mesh in between. The fine mesh performs as a Q3]
spherically symmetric lens if the voltage applied to it is 200+ .
about 1.3-1.4 times the voltage on the flight tubes. The de- 100 i

2004

tection plane is thus the image of the acceleration plane. In 0 X /0*‘\_@20+ ]

order to make the system more efficient in collecting the 200 . , . . r T T

energetic ions produced by multiple ionization, the voltages (d)

on the extraction mesh, the flight tubes, and the focusing lens  5°7 ]

are increased compared to those in previous W2824. In 100 o+ ]

the experiments the voltage applied to the extraction mesh is

typically —0.85 kV, that on the flight tubes is 1.75 kV, and 504 02 H o ]

that on the focusing mesh is2.33 kV [29]. C+ 2 CO+
As described in detail in a previous publicatif28], the 0 [t

focusing effect of the present time-of-flight mass spectrom- 0 200 400 600

eter raises significantly the tolerance of the detection system time of flight (ns)

with respect to the initial kinetic energy and the starting po-

sition of the ions. lon trajectory calculations show that with  FIG. 1. (a) Normal time-of-flight mass spectrum at an electron
the present voltage settings the ions with an initial kineticenergy of 600 eV(b) Measured coincidence mass spectrum with
energy as high as 25 eV per charge can be collected with the?* as the start signalc) Calculated false coincidence mass spec-
same efficiency as the thermal ions in the focusing time-oftrum with G+ as the start signaid) After subtracting(c) from (b),
flight mass spectromet¢R9]. The kinetic-energy release of a spectrum containing only true coincidence events is obtained.
the triple ionization of CO has been measured by Spekowius

and Brehm[22]. We can see that the kinetic energy of thefraction discriminators. The threshold of the constant frac-
ions is well within the collection capability of the present tion discriminators is set so that the ion signal can pass and
setup. For quadruple ionization, no data on the kineticthe noise is eliminated. If we want to measure the ion pair,
energy release exist due to electron-impact ionization. The g., *-O", the gate of the first discriminator is adjusted
kinetic-energy release of quadruple ionization due to fasg that only &* can pass. Its output is sent to the multichan-
ion-beam collisions was measured by Sampoll.[18] and  ne| scalefMCS) as the start signal. The second discrimina-
Mathur et al. [19]. If the kinetic-energy release due to the oy js yngated so that all the ion signals can pass. Its output is
electron impact is similar to that due to a fast ion beam, Wegnt to the MCS as the stop signal. In this way we obtain all

are confident that more than 90% of the ions produced byq jons that are produced in the same electron shot together
guadruple ionization are collected by the present setup. with the C* ions. The typical coincidence time-of-flight

The major difference of the present experiment with re- ass spectra, with® as the start signal, are shown in Fig.

spect to the previous work is the coincidence technique. Fo . - -
P P q (b). For comparison, a mass spectrum with an extraction

the selective and exclusive detection of the products for mul-=

tiple ionization of molecules, the ionic fragments have to bell99€r as the start signal is shown in Figall We call it a

detected by coincidence. Two coincidence techniques hay/&2rmal mass spectrum. The time offset has been changed so

been developed. In the first technique the coincidence medPat it can be shown on the same time scale with the coinci-

surement is done with the conventional coincidence electror?€NCe Mass spectrum.
ics. In the second coincidence technique we study the cova- .
- . 2. Removal of false coincidence
riance mapping mass spectroscopy of the fragmig@21].
If we check the mass spectrum in Figb), we see that
B. Coincidence electronics the ions that show mass peaks are'©Q C", O, H,0O",
and CO'. However, in the dissociative ionization of a CO

1. Configurations
molecule, no process such as

The ion signal output from the microchannel plate is am-
plified by a preamplifier and sent into two gated constant co**—c?+co’ (1)
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can occur. The observation of CQOndicates that false coin- 3. Normalization and error estimate for the cross section
cidence contributes to the observed mass spectra. The ap- of the ion-pair formation

pearance of the 0" peak further demonstrates the exis-  fter we obtain the mass spectra only with the true coin-
tence of the false coincidence. In order to get accurate CroSgjgence, we can get the absolute cross sections for the ion-
section data, we must remove the false coincidence in thgair formation by normalizing the coincidence counts to the
mass spectra. o counts of the start events and the cross section values of the
In order to remove the false coincidence, we assume thaliart jons. We measured the cross sections of the ions in our
the probability for the occurrence of a false ion-pair CoINCi- hrevious work[26]. The start signal is also counted during

dence is proportional to the probability for the production of iha measurement. In the example d'G-O*, the absolute
each ion of the pair. In the case of Cas the start signal, the cross section values are obtained by ’

probability of the occurrence of a false coincidence event at
the time binx can be described by

_ Ncoincidence

a(C2*+0™) a(C?T), (4)

2+ Nstard 7
p(x)=f o Ne2+ (X)) N(X +x)dXy, 2
min
where n represents the counts of the coincidence and the
_ - . start, respectivelyT is the total transmission of the meshes
whereN(x,) is the probability for the occurrence of an ion i, he time-of-flight mass spectrometey. is the detection
event a2t+t|me b'rz‘ﬁl in a normal time-of-flight mass spec- efficiency of the microchannel plate. We get the transmission
trum. Cryiy and Cpyy, are t?e minimum and maximum time  of the meshes from the measurement of the optical transpar-
bins of the mass peak of“C in the normal mass spectrum. ency and the open area ratio from the manufacturer’s
We get the probability for the production of the ions from the yanual. The two data agree with each other. We et
normal mass spectrum when the trigger of the extraction-51 104, For the detection efficiency of the multichannel
voltage is sent to the MQS as the start signal. We use¢Zq. plate, we use the open area ratio from the manufacturer's
to calculate the probability for the occurrence of a false COmanyal, which is 60%. It has been proved experimentally by
incidence event with different ions as the start signal. They nymper of authors that the detection efficiency of the mi-

scale is normalized to the mass peak of C@d the corre-  crochannel plate is equal to its physically open area ratio
sponding measured mass spectrum. 30-32.

The calculated false coincidence mass spectrum is shown
in Fig. 1(c), with C*>" as the start signal. We subtract the
false coincidence from the measured coincidence mass spec-  C. Covariance mapping mass spectroscopy of CO

tra. We thus get the mass spectrum with only true coinci- In the second coincidence technique we measured the

dence events. The achieved mass spectra are shown in F@ . : - : .
0ss sections of the ion pairs by studying the covariance
1(d). Because we scaled the calculated mass spectrum to tlﬁg P y ying

apping mass spectroscopy of the ions. The techni f
measured mass spectrum at the mass peak of, @@ see bping P Py echnique o

. . _ covariance mapping mass spectroscopy was developed by
that the mass peak of CChas disappeared in the final mass g qinskiet al. [20,21. In this technique the normal trigger
spectrum. However, the mass peak of Gas also almost

. . i JOn L EEe © is used as the start signal of the MCS. In every single shot
vanished because in the dissociative ionization of CO the,g 5 tocorrelation function of the spectrum is calculated.
process After a long-time accumulation the mass spectra and the co-
incidence spectra are shown in a two-dimensional time-of-
CO3* 24t 3) flight mass spectrum as in Fig. 2. The present experimental
technique and the normalization procedures have been de-
scribed beford29]. A spectrum containing single events is
cannot occur either. From this we conclude that the falsalso recorded at the same time, which is used to subtract the
coincidences in the mass peaks of'Cand O are elimi-  false coincidence in a way similar to that of Brueteal. [14].
nated. The covariance mapping mass spectrum after the removal of
Here we note that there is the possibility of overestimatthe false coincidence is shown in Fig. 3. Comparing Fig. 2
ing the false coincidence in such a subtraction process. lwith Fig. 3, we can clearly see that the orientation of the
measuring the cross section of the ion pair 600", ifthe  false coincidence islands is determined by the shapes of the
cross section of the ion pair is not much smaller than thecorresponding mass peaks. The orientation is usually hori-
cross section for the production of'Qthe calculated false zontal. However, the orientation of the true coincidence is-
coincidence mass peak of G O* may contain considerable lands is determined by the momentum and charge associated
amounts of true coincidence events. In order to avoid such awith the corresponding ionic fragments. In Figs. 2 and 3 the
overestimate, we reduce the count rate in the measurementsientation of C + O™ is close to 45°. However, the orien-
so that the false coincidence count rate is much lower thatation of G*+0" and C +0?" islands is at a steeper
the total count rate. In this way we try to avoid large errors inangle since doubly charged fragments are involved. Since the
the measurements. In measuring the cross section of the iagectric field in the interaction region is inhomogeneous, we
pair of C*+0%, C"+0?", and G*+0O?", this problem do not want to compare the orientation angles with the cal-
does not exist because the cross sections for these ion pauslations directly. The absolute cross section of ion pairs is
are much smaller than those for the corresponding ions. obtained by
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FIG. 2. Covariance mapping mass spectrum of CO at the electron energy of 200 eV.

_ Ncoincidence

o(C¥F + 0t o(total), 5
( ) N7 77 (total) 5)

ionization cross section of CQ.and » are identical to those  the following: single ionization,

in Eq. (4).

Compared to the first coincidence technique, the method
of covariance mapping has the advantage of detecting all the
ions and the ion pairs at the same time. The experiment is
thus less time consuming. The relative values of the cross
sections are also more accurate.

D. Error estimate

The errors in the first technique originate mainly from
data fluctuations, the error of the cross-section values of the
start ions (-15%), the deviation of the transparency of the
meshes to the ions compared to that of light, and the subtrac-
tion of the false coincidence. The technique of covariance
mapping introduces smaller errors in the relative amplitude
since all the ions and ion pairs are measured at the same time
[29]. We expect that the overall error of the absolute value is
about 25% for the data abovex110~1° cn?. For those with
smaller values, the error is higher. We estimated it to be 30

—40%. triple

double ionization,

ionization,

cot—co*
—C"+0

—>C+O+;

CO**—Cco?t
—Ct+0*
—C*"+0

—C+0%";

PRA 59

E. Derivation of the cross sections of the other channels

In the multiple ionization of CO, we did not observe the
_ _ _ existence of stable CO and any ions with charge in excess
whereny, is the total number of ionsr(total) is the total  of 3. The different possible dissociation channels are listed in

(6)
@)
®

€)
(10
(11)

(12
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FIG. 3. Same as Fig. 2, after the false coincidence events are removed.

CO"—cC?"+0* (13
—Cr+02" (14
—C**"+0 (15
—C+0*%; (16)

and quadruple ionization,

cCO*"—C?t+ 0%t (17
—C¥*+0" (18
—Cr+0O3". (19

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

Ill. RESULTS
A. Dissociation channels

Single ionization has three possible channels, as listed in
Egs. (6)—(8). The products of the three channels are
CO", C"+0, and C-O", respectively. The cross sections
for these three channels are shown in Fig. 4 and are listed in
Table 1. The cross section of the production of C® from
our previous papdr26]. We also measured this value in our
present experiment again. The results agree with the previous

From the above equations we can clearly see which charmeasurement. We see that among all the channels of single
nels contribute to the production of the ionic fragments.ionization, the most preferred one is the formation of stable
Since we already got the absolute cross sections for theseO" because most of the lowest levels of C@re the stable
productd 26], we can obtain in the present work the absoluteand long-lived one$33].
cross sections of the ion-pair channels. Therefore, we can The four possible reaction channels after double ioniza-
deduce the cross sections of the other listed channels th&éibn of CO are listed by Eq$9)—(12). The cross sections for
cannot be measured directly. Here we want to note that ththese channels are shown in Fig. 5 and are tabulated in Table

polar dissociation channels such as-6G"+ 0O~ and CO

Il. The data for C@* are from our previous papé¢26]. In

—C~+ 0" also contribute to the production of the positive the present work these data were measured again. They agree
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FIG. 5. Cross sections of the possible reaction channels after the

FIG. 4. Cross sections of the possible reaction channels after th@ouble ionization of CO. The products are €O(-O-), C* +O*
single ionization of CO. The products are €Q-O-), C*+0 (-®-), (C2* +0)x 10 (-®-), and C+02*)x 10 (_®_).' The total

i . T e T
(-O-), and C+O™ (-@-). The total cross section of single ionization ¢oss section of double ionization is shown i@y The calculated

is shown by @-. data are also included, as shown by box symbols. For more details

) . o ) see the text.
with the previous results within the experimental errors. We

see that after the double ionization Of CO, the I‘eaC'[ior'IS argtrong|y repu'sive |eve|510]_ Some branch of the excitation
dominated by the separation of the €0into the two ionic  of the CO molecules to the lowest electronic levels results in
fragments of C +O". The lowest electronic levels of CO  metastable C®', which is the origin of the measured
are characterized by a deep minimum and a high barriec?*. The excitation to higher electronic levels results
against dissociation into C+ O". The potential wells sup- mainly in unstable C&", which subsequently dissociates
port a number of metastable vibrational levels, located fajhto Ct+ O*. The ion pair of C +O" appears at about 38
above the dissociation limit. The lower ones are very long+2 ey, even before CO (42+1 eV). As pointed out by
lived, while the levels close to the potential maximum may| ablanquieet al.[10] and Masuoka and Nakamuf&l], the
tunnel through the potential barrier on time scales down t(broduction of the ion pair of €+0O* at the low electron
picosecond$1,7,8]. The higher electronic levels are mostly energies is due to the autoionization of (C).
Since no data exist for direct comparison with the present

TABLE I. Cross sectiongin unit of 10°*° cn¥) of different  experiments, the only data we can refer to is the photoion-
channels of single ionization of CO. ization cross sections measured by Masuoka and Nakamura
for the photonenergies from threshold to 100 EM]. In

Energy(eV) cC*+0 c+0*
o5 31.0 TABLE Il. Cross sectiongin unit of 107 cn?) of different
30 57.0 3.00 channels of double ionization of CO.
35 110 20.0 N b o~ a4 o4
20 146 380 Energy(eV) CCP" C'+0" C?**+0 C+O Total
45 179 53.2 45 0.01 10.7 10.8
50 201 84.4 50 0.84 195 20.4
60 220 107 60 2.63 45.7 48.5
70 224 120 70 5.34 70.6 1.09 77.0
80 233 138 80 6.22 86.8 2.79 0.40 95.9
90 224 144 90 7.57 102 4.57 0.76 115
100 218 138 100 8.21 118 5.36 1.15 132
125 197 121 125 8.60 133 6.99 1.95 150
150 183 118 150 7.88 132 8.09 2.53 151
175 172 113 175 8.51 127 8.47 2.79 147
200 157 109 200 6.97 118 8.14 2.78 136
225 151 107 225 7.45 111 7.76 2.85 129
250 142 98.9 250 6.69 102 7.56 2.77 119
275 131 93.0 275 5.85 93.6 7.01 2.47 109
300 127 84.9 300 5.48 88.9 6.62 2.28 103
350 112 78.9 350 4.57 79.4 5.98 2.08 92.0
400 101 70.7 400 4.50 70.8 5.41 2.09 82.8
450 92.9 62.8 450 3.72 62.0 4.66 1.54 71.9
500 86.0 59.9 500 3.31 56.9 4.37 1.57 66.2
550 81.4 56.4 550 3.29 51.8 4.19 1.48 60.7

600 78.3 53.4 600 3.35 47.8 3.87 1.32 56.4
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1961

7 ————— ————— ————— ————— - TABLE IlI. Cross sectiongin unit of 10°1° cn?) of different
] e ] channels of triple ionization of CO.
64 al ]
@ 55 ] Energy(eV) C?>*+0" C"+0?t C3'+0 Triple total
Q 7] .

2 ] ] 90 0.21 0.21
2 4 NG ; 100 0.99 0.15 0.99
c ] LA I | 125 2.65 0.54 0.019 3.22
g ¥ ~_] 150 3.87 094 0041 4.87
g o] ),u./'\osuo x30 ; 175 4.43 1.21 0.057 5.70
@ S et T, ] 200 4.82 1.32 0.062 6.21
g 17 o & =C+E'\a——g~%\.r_é 225 4.91 1.34 0.071 6.34
0 ] . 250 4.67 1.22 0.067 5.96
160 260 360 460 560 600 275 4.20 1.37 0.078 5.65
300 4.05 1.34 0.056 5.45
electron energy (eV) 350 3.56 1.13 0.053 474
FIG. 6. Cross sections of the channel$'@ O, C*+0?", 400 3.37 0.93 0.062 4.38
and (G*+0)x 30 after the triple ionization of CO@-, present 450 3.02 1.00 0.055 4.09
work; O, Spekowius and Brehif22]; ——, Handkeet al.[23]. 500 3.03 0.92 0.057 4.01
550 2.65 0.70 0.048 341
600 2.58 0.79 0.045 3.43

photoionization the cross section is proportional to the oscil-

lator strength of the transition at the photon energy. How-
ever, in electron-impact excitation the electrons excite all the

possible transitions within the excitation energy range. Theions of the ions are possibly different. The discrimination
cross section is approximately proportional to the integral ofagainst fast ions may result in a variable collection efficiency
the oscillator strengths of all the possible transitions. In thissnd the subsequent inaccurate measurement of the relative
crude picture, we calculated the electron-impact ionizatiorshapes. Handket al. [23—25 calculated the total cross sec-
cross sections of the ion pair'@-O* and CG* from the  tion of the triple ionization. The result is also included in Fig.
photoionization cross section of Masuoka and Nakamura ang_No absolute data were given in their work. We normalized

: - - . .
normalized the calculated value of"@ O" to the experi-  their results to our total cross section value at 250 eV. We

mental result at 100 eV. The results are also shfwn in fig. %ee that their calculation then shows good agreement with
We see that the relative cross section of (©0")/CC? the present measurements.

shows excellent agreement with the experimental results. Al- In the work of Spekowius and Brehm, the authors ob-

though in the measurement of Masuoka and Nakamura tht%lined a very crude absolute-cross-section value for the triple

time window of detection of C&'" is slightly d|ﬁerent from ionization at 1000 eV. For the channdlsd) and (14) they
the present work, we hope to show that the amplitude of the ) : AR .
present results on ion-pair formation are in reasonable agreg]easured the reIaU_ve cross section of t_rlple lonization with
ment with the photoionization cross section of Masuoka andéspect 1o the}ftal |on|zat|or1 4cross 2?“'?0%3' and got the val-
Nakamura[11]. ues of 6. 10 " and 1.3 10 fgr oo at _1000 ev,

: ; - e inn Which corresponds to about<710”2° and 1.4< 1020 cn?

The main pathways of the dissociation after the triple ion- 4 P '
ization of CO are the channels of ion-pair formation, which respectlv_ely. If we extrapolate the absolute values to 600 eV
are described by Eq$13) and (14). The cross sections for along their curves, the absolute values for these two channels
these two channels are shown in Fig. 6 and are isted in TabRt 600 eV will be around 1010 *° and 0.2<10°*° cn?.

lll. Those of the channels associated with the neutral prodThose values are smaller than the present results by a factor
ucts are expected to be small. Handkeal. [23-25 calcu-  of 5. If the absolute values of Spekowius and Brehm were
lated the electronic states of the triply ionized CO. Theyaccurate and we normalized our measurements on ion-pair
suggested that there might be some electronic states witlormation to their value, all the absolute cross sections of
very shallow potential wells. However, no stable ¥0Ovas ion-pair formation in the present work would have to be
observed in the experiment. decreased by a factor of 5. This would change the relative

The cross sections for the two ion-pair formation channels/alue of C'+ 0"+ to CO** significantly. The agreement
of the triple ionization were also measured by Spekowiudetween the present work and that of Masuoka and Naka-
and Brehn{22]. Since no absolute values were given in theirmura[11] on the relative production of G+ O* and CG*
work, we normalized their results orfC+O" to our abso-  confirms that the present measurements on the absolute cross
lute value at 250 eV. We see that the two measurements thesections of triple ionization are accurate.
show reasonable agreement with respect to the relative val- The cross sections for the reaction channet$ €0?"
ues of the two channels. The agreement on the relative shaped G+ O" after quadruple ionization are shown in Fig. 7
of the two measurements on the channel 8f €0" isnot  and are listed in Table IV. The error is about-380 % be-
satisfactory. We believe that the present measurements acause of the extremely small values. The cross sections for
more accurate since the experimental arrangement of Spéie other channels after the quadruple ionization are smaller
kowius and Brehm discriminated strongly against fast ionsthan 2<10 2! cn? at an electron energy of 600 eV. No
At different electron energies, the kinetic-energy distribu-experimental or theoretical results exist for comparison. We
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FIG. 7. Cross sections of the channeld*@ 0" (-©-) and electron energy (eV)

C¥*+ 0" (-@-) after quadruple ionization of CO®- denotes the

: FIG. 8. Cross sections for the production of'C(-0-), O?*
total cross section.

(-O-), and (G)x 30 (-@-) versus the electron energy.

see thqt t_he channel of equal charge separation dominates t@?ectron-impact dissociation into neutral fragmef8é,35).
dissociation. _ _ However, in such work the normalization of the cross section

The cross section for the production of Cwas not re- 15 ahsolute values is usually difficult. In the present work the
pg:ted befor+e. Itis shown in Fig. 8 and Table V. The data forgpso|ute cross sections for the dissociative ionization into the
C?* and G have been reported before by the present aupeytral fragments are obtained indirectly. For the total pro-
thors[26]. The present results agree with the previous datgy,ction of neutral O and C, the contribution from the disso-
within the e_xperimental errors despite the different experiiation of neutral CO must be considered. Cosby measured
mental settings. They are also shown because the presefje apsolute production of neutral C and O from electron
data fluctuations are smaller. impact dissociation of C)36]. The total of his results and
the present result will give us the absolute production of C
and O from electron-impact excitation of CO.

The absolute cross sections associated with the production
of neutral fragments are also obtained in this work after we C. Appearance potentials
neglected the contributions from the polar dissociation chan- Tphe appearance potentials of the ionic products and the
nels: As shown above, we have obtained the absolute crogs, pairs are shown in Table V. The existing experimental
sections for the channel3), (8), (11), (12), (15), and(16),  resuits are also included. The data in the roviimit are the
which are associated with the production of neutral fragthermochemical limits of the different dissociation channels.
ments. The sum of Eq¢7), (11), and(15) and that of Egs.  Those in the row otalculatedare calculated assuming that
(8), (12), and (16) give us the absolute production of the he potential curves of the corresponding ion pair are
neutral fragments O and C during the electron-impact dissocoylomb-like and the internuclear distance is at the outer
ciative ionization of CO, respectively. A number of authorstuning point of the Franck-Condon region. From Table V we
were engaged in the measurements of the cross sections gfx that the appearance potential 6HEO™ is considerably
below the calculated results. However, for the ion-pair chan-
nels after the triple and quadruple ionization, the appearance
potentials are in fairly good agreement with the calculated

B. Neutral production

TABLE IV. Cross sectiongin unit of 10°° cn?) of different
channels of quadruple ionization of CO. The last coloumn is th

cross section for & production.

results.

Energy(eV)  C?>T+0?" c*t+o" Total ct
IV. DISCUSSION

125 0.019 Wh lot th | . f the diff .
150 0011 0.002 0013 0063 . YWhenwe plot the total cross sections of the different ion-

ization stages at 600 eV versus the ionization stage, we ob-
175 0.054 0.01 0.063 0.067 . . . .

served a surprising result. As illustrated in Fig. 9, the total
200 0.10 0.021 0.12 0.083 . .
295 0.19 0.017 0.21 0.10 cross section shows a very good exponential decrease as the

: : ' ' ionization stage increases. The cross section can be described

250 0.21 0.025 0.23 0.092 by
275 0.26 0.025 0.28 0.10
300 0.24 0.035 0.27 0.090 o(q)=c(1)exd —(q—1)/T], (20)
350 0.25 0.040 0.29 0.093
400 0.23 0.032 0.26 0.10 whereq is the stage of ionizationr(1) is the cross section
450 0.24 0.035 0.27 0.090 for single ionization. The numerical fit gives a value of
500 0.24 0.038 0.28 0.095 0.3489 forT. The quantum-mechanical principle shows that
550 0.22 0.050 0.27 0.097 the ionization cross section is proportional to the state den-
600 0.19 0.054 0.25 0.099 Sity, the transition probability from the ground state of neu-

tral molecules, and the inverse of the electron velo[2.
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TABLE V. Appearance potential§n eV) of the fragments and the ion pairs in the multiple ionization of CO.

Reference & o** CO?* c3t c'+0" c*t+ot  ct+0*t  Cc*r+0?t  Ccif+of
Present work 6083 70.0+3 41.0+2 100+5  37.0x2 84+3 93+3 150+5 1505

[39] 54.2+0.2  61.8:0.3

[10] 40.75+0.5 38.4:0.5 81+2

[40] 41.25+0.05

[22] 84+3 95+4

[11] 56.4+1 70+1 41.3+0.2 38.4 822

limit 45.75 59.87 93.6 35.98 59.36 71.13 94.51 107.22
calculated 48.2 83.8 95.6 143.4 143.9

In electron-impact excitation, the electrons can activate alsuggests that at high excitation energies, the electronic states
the possible transitions with energies smaller than the elecat energies as high as 80, 180, 230, and 500 eV may contrib-
tron energy. The ionization cross sections give us the inforute to the single, double, triple, and quadruple ionization,
mation of the integral of the state density and the transitiomrespectively. The result therefore supports the conclusion of
probability from neutral to multiply ionized molecules. The Handkeet al. [23]. In the work of high-intensity laser field
relation observed in the present experiment shows that thi®nization[38] and heavy-particle collisions 8], where the
integral decreases exponentially as the ionization stage irexcitation energy is comparable to or even exceeds that in
creases. In the very recent work on &hd G of the present electron-impact ionization, the contribution to the fragmen-
authors, similar relations were also obseryad]. tation of the multiply ionized molecules can originate from
Previous experiments on the multiple ionization of mol-very high electronic states. It is thus not reasonable to con-
ecules have been focused on high-intensity laser field ionizaclude whether the dissociation is via Coulomb-like or non-
tion [38] and heavy-particle collision§1l8]. The authors Coulomb-like potential energy curves by just considering
measured the kinetic-energy release in the fragmentation arahly the lowest electronic states. The kinetic-energy release
interpreted the kinetic-energy distribution of the fragmentsmay have complex distributions since numerous and very
by Coulomb-Ilike or non-Coulomb-like models. In a very re- high electronic states are involved.
cent theoretical work23] Handkeet al. pointed out that the The three-hole population analysis of Handieal. [23]
multiple ionization of molecules is related to numerous elec{Fig. 2 in[23]) shows that after the triple ionization of CO,
tronic states up to very high energies; the overall kineticthe C 'O~ 2 characterone hole on C and the other two on
energy distribution of the fragments cannot be explained byD) has an importance similar to @0~ 1. If we check their
the models that just consider the lowest electronic levelscalculation further we see that the C®character also has
Here we multiplied the total cross sectiopby VE. We thus  an overall importance similar to GO at higher excitation
got approximate values for the integrals of the products oknergies. However, the present cross-section measurements
the electronic state density and the transition probability oveshow that not only does the channél'G-O" have a much
electron energy for singly, doubly, triply, and quadruply ion- higher cross section tharf€+O", but "+ O has a much
ized CO, respectivel{27]. The results are shown in Fig. 10. higher cross section than+30%". This result supports an-
We see that ther,E values increase with increasing elec- other conclusion of Handket al.[23], namely, that the dis-
tron energy and reach a constant value at approximately th&ciation of the multiply ionized molecules does not proceed
electron energies of 80, 180, 230, and 500 eV for singlealong potential curves. During the dissociation the nuclei
double, triple, and quadruple ionization, respectively. Thismay gain considerable momentum and jump from one curve

103 T T T Ty rrfyryrrrryyrrrr e
104+ single
2 ] E —_—
10 g
& 5 103 double
E 1013 3 o
O o
o g 1024 - 3
o 1004 - o triple
= 9 107 3 3
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L 1003 3
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FIG. 9. Total cross sections of different stages of ionization at

600 eV versus the ionization stage. The experimental results are FIG. 10. Dependence of+E on electron energy for single,
fitted to an exponential decay. double, triple, and quadruple ionization.
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to another. Experiment shows that the preference of thevell above the dissociation limits because of the Coulomb-
channels is always related to their dissociation limits. Thelike interaction of the charged pairs. The fragments from the
channel with a lower dissociation limit has a higher prefer-dissociation of the multiply ionized molecules carry the ki-
ence in dissociation. This is the case not only for triply ion-netic energies as high as tens of eV, which makes it very
ized CO, but also for singly, doubly, and quadruply ionizeddifficult to collect the fast ions. In order to measure the dis-
Co. sociation channels of the multiply ionized molecules, the

The appearance potential measurements reveal some iionic fragments have to be measured exclusively and selec-
formation about the lowest potential curves of the moleculesively and coincidence techniques have to be used. The
at different ionization stages. For double ionization frompresent experiment was done in the focusing time-of-flight
Table V we see that the appearance potentials fof'Cahd  mass spectrometer developed by the present authors, which
C"+0O" are considerably lower than that predicted by thehas high capability in collecting fast ions. Two coincidence
pure Coulomb-like curve. This is because the bond interactechniques have been developed to measure the absolute
tion of C* and O generates some metastable states witicross sections of ion-pair productions. The cross sections of
shallow potential wells in the Franck-Condon regid®].  the channels corresponding to the production of ion pairs are
We see that the appearance potential of?C@ in good measured by the coincidence techniques. Those of the chan-
agreement with the calculation. The appearance potential afels associated with neutral fragments are obtained indi-
C*+0O" is lower than that of C&"; this is due to the con- rectly. Generally, the error in the measurement is about 15%
tribution of the autoionization of CO*. if the cross section value is not extremely small. At high

For triple ionization, the appearance potential of the ionexcitation energies the total cross sections of different stages
pair C*+ 0" is in good agreement with the prediction of a of ionization show an exponential decrease as the ionization
pure Coulomb-like potential curve. This suggests that thestage increases. The cross sections of the different channels
lowest electronic state of GO is nearly Coulomb-like. Al- reveal the internal dissociation dynamics of dissociation fol-
most no shallow potential well can exist on this curve be-lowing the multiple ionization of molecules and support the
cause the Coulomb-like interaction of thé'Cand O™ are  very recent theoretical work of Handla al. [23]. The ap-
stronger. The appearance potential of©0°" is close to  pearance potentials corresponding to different dissociation
what is predicted by a Coulomb-like curve, although com-channels are also measured, which show that the ground
plex dissociation dynamics are involved. In the case of quastates of triply and quadruply ionized CO are nearly
druple ionization, where the Coulomb-like interaction is Coulomb-like because the Coulomb-like interactions inside
even stronger, the appearance potentials of the ion pairs dfie molecules are stronger.
C?*+0?" and G+ 0" are close to those predicted by the
Coulomb-like potential curves.
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