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Single to quadruple ionization of CO, due to electron impact
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The electron-impact multiple ionization and the subsequent dissociation efh@@ been studied for
electron energies from the threshold to 600 eV. The dissociation channels of up to quadruply ionized carbon
dioxide molecules have been identified. The absolute cross sections for the ion-pair dissociation channels in
double, triple, and quadruple ionization of @@ave been obtained. The absolute cross sections of the other
channels involving neutral fragments are also derived. The experiment shows that the total cross section of
single, double, and triple ionization decreases by at least an order of magnitude as the ionization stage increases
by 1. By studying the structure of the islands in the covariance maps, we have concluded that one gfthe CO
dissociation channels G&" —C" +0O" +0 is dominated by the process of secondary decay. The dissociation
channel C@?*—20" +C is a concerted process. The three-body dissociation channels of triply ionized
carbon dioxide are found to be dominated by concerted processes no matter how the charges are distributed on
the fragments. The momentum distribution on the fragments can only be explained by the charge mobility
during the dissociation process of the triply ionized molecules. The metastable decayf B@lso ob-
served directly[S1050-2947@8)08911-2

PACS numbegps): 34.80.Gs, 34.50.Gb

[. INTRODUCTION fragments, or they are formed in two successive steps, i.e.,
the molecule dissociates in the first step into two fragments,
The structure and the dissociation dynamics of multiplywhere one of them is metastable, which then dissociates fur-
ionized molecules have attracted growing interest in recerfher into two other fragments. The location of the charge on
years[1]. Different excitation sources such as high-intensitythe intermediate and the final fragments also complicates the
lasers[2,3], heavy particle beam@t,5], synchrotron radia- dissociation dynamics. The study of the three-body dissocia-
tion [6—9] and electron beanjd.0,11] have been applied to tion has resulted in the terms of sequential and concerted
remove electrons from the valence or inner shells of the molmechanism$12,13. Sequential mechanisms are further cat-
ecules. The electric field strength produced by high-intensitgorized as secondary decay and deferred charge separation
laser beams is at the same level or even higher than th&ccording to the charge location. The concerted mechanisms
internal Coulomb field of the molecules. The electronicare divided into synchronous or asynchronous according to
states of the molecules are dressed with the laser field, réhe time difference in the fragment formation.
sulting in complex ionization and dissociation dynamics. In the present work we study the electron impact multiple
Heavy partic|e collisions have been shown to be very powjonization and the dissociation dynamics of p@lth a Co-
erful in exciting molecules into high ionization stages. Thevariance mapping mass spectroscopic technique. The covari-
molecules tend to “explode” because of the strong interna@nce mapping technique has proven to be very powerful in

Coulomb field. This has resulted in the term “Coulomb ex-studying the dissociation dynamics of molecul#,12,13.
plosion.” Under the interaction of synchrotron radiation or We report the measurements for the cross sections of differ-

electron impact, molecules are usually ionized to lowerent dissociation channels and the study of the dissociation
stages. However, the tunable excitation energy of thesdynamics. The dissociation of multiply ionized ¢Bas been
sources allows one to study the dissociation dynamics neatudied by Frasinsket al. [3] with high intensity lasers, by
the threshold and at relatively low energies. Masuokaet al.[9] with synchrotron radiation and by Matsuo

In the present paper we report the investigation of theet al. [14] with heavy particle collisions. The present work
multiple ionization of carbon dioxide due to electron impact.reports the absolute cross sections and dissociation dynamics
The electron gun has the advantage of cheap and easy copf- different dissociation channels of multiply ionized €O
struction. This is one of the reasons why it has been adoptedue to electron impact.
in experiments for a long time. After the multiple ionization
of CO,, experiments have shown that some molecules are Il. EXPERIMENT
stable and some others are metastab®. However, a very
significant fraction of the ionized molecules will dissociate
into different branches consisting of two or three fragments. The possible dissociation channels after the multiple ion-
In the dissociation channels consisting of two fragments, théation of CQ are listed in Table I. Since no triply charged
two parts carry the same momenta and the dissociation dyens have been observed experimentally], the channels
namics is more straightforward. However, the dissociatiorrelated to their production have been neglected. The corre-
dynamics for the channel consisting of three fragments isponding dissociation limits were calculated based on the
more complex. The three fragments can also be formed in data for the dissociation energies and ionization potentials
single step, i.e., the molecule explodes directly into thredrom Herzberg[15] and Moore[16]. In this table we list

A. Dissociation channels after multiple ionization of CQ
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TABLE I. The different dissociation channels after the multiple ionization of, CEor an explanation of
a—d see the text.

Parention €' 0?* Cct O' CO2" CcO' CO,¥ C O (C,0 (0,0 Dissociation limit(eV)

COo,"— Cco,”* stablé
cot o) 19.467

o (C,0 19.067

c* (0,0 27.822
CO2%"— CO,2* metastabl@
ct ot o) 41.43%

20" C 43.782

o* co* 33.08P

c?* (0,0 51.198

o** (C,0 54.213

Co%t— 2 o" 0 64.808
ot ot C 78.928

o*t ct o) 76.578

ot cot 68.227

ct 20" 67.158

Co— 2t 0%t 0 100.026
C2+ 20+ 9053&

o*t ¢t of 103.304

identical products in the same column, so that we clearly sethrough a skimmer. The top of the needle is about 2 cm
which channels contribute to the total production of the cor-above the skimmer and the skimmer is about 6 cm above the
responding fragments. The symb@C, O), for example, electron beam. The interaction region is less than
means that the products can either be two separate atoms,43nmx4 mmx 4 mm. About 100 nsec after the decay of the
and O, or a CO molecule. To measure the cross section faglectron beam a pulsed voltage is applied to the extraction
each channel, we distinguish four types, denoted withmesh of the mass spectrometer. The ions are extracted into a
a, b, c, anddin Table I. In the channels denoted wdlmo  specially designed focusing time-of-fligh=TOF mass
dissociation occurs. The cross section for them can therefore

be measured in a conventional w$7]. The channels
marked withb consist of an ion pair with or without a neutral |—|
fragment. The channels marked witltorrespond to the dis- ’FL
sociation of the molecules into three ionic fragments. For

measuring the cross sections of channels denotedhnattd =
¢, the ions must be detected selectively in a unique way.
Hence, coincidence techniques have to be used. The char — | EGS
nels marked withd consist of an ion and some neutral frag-
ments. If we check Table |, we find that each subcolumn of ;
the second column consists of at most only @hehannel.
Since we know the total cross section for each ionic product
[17], we can readily derive the absolute cross sections of all | TN o
d-type channels if we have determined the cross sections fo sp iy
b- andc-type channels. L £ |

FC —Exs
B. Experimental setup for the cross-section measurements

In order to measure the cross sections lerand c-type ﬂ n —| MCS — DIS [— AMP
dissociation channels, the ions must be measured by coinci _[\I=———
dence techniques. The experimental setup is shown sche I
matically in Fig. 1. The experimental setup consists of a
molecular beam crossed with an electron beam, and a focus- g, 1. Experimental setup. FL, filament; EGS, electron gun
ing time-of-flight mass spectrometer, which has already beeByjitch; FC, Faraday cup; G, ground; BP, backing plate; SP, shield
described in detail17,18. Briefly, a cw effusive molecular pjate; EXS, ion extraction switch; YD, Y deflector; XB®,deflector;
beam is crossed with a pulsed electron bgd@®0 nsegat  FT1, flight tube 1; FT2, flight tube 2; IL, ion lens; MCP, micro-
right angles. The molecular beam is produced by a gas flowhannel plate; AMP, amplifier; CFD, constant fraction discrimina-
from a long needle with a diameter of 0.4 mm passingtor; MCS, mulitchannel scaler; PC, personal computer.
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spectrometef17]. The shield plates in the interaction region time-of-flight (4 ns/bin)

of the FTOF mass spectrometer make the extraction mesh tc

a plane-convex lens, which focuses the ions close to the axis gpg >0 560 580 600 _ 620
of the FTOF mass spectrometer when the ions leave the ion 4
source region. It also reduces the divergence angle with re-

spect to that in the extraction system of a normal Wiley-
McLaren TOF mass spectrometer. The flight tube of the € %%
FTOF mass spectrometer is segmented into two sections o%
identical length with a fine mesh in between. The fine mesh <
performs as a spherically symmetric lens if the voltage ap- I 5801
plied to it is about 1.3—1.4 times the voltage on the flight £

tubes. The detection plane is thus the image of the acceleraz= ; | [eE = B co
tion plane. In order to make the system more efficient in s5 560- o =Zf -
collecting the energetic ions produced by the dissociation of ¢ e - 31

multiply ionized molecules, the voltages on the extraction E B o - 8

mesh, flight tubes, and the focusing lens are raised compare(”™ 5a0] . Bl 5o - o |

to the previous work. In the experiments the voltage applied v - a5

to the extraction mesh is typically- 0.85 kV, that on the - - - T
flight tubes is—1.75 kV, and that on the focusing mesh is 2
—2.33 kV.

As described in detail in a previous publicatifi], the
focusing effect of the present time-of-flight mass spectrom-
eter raises significantly the tolerance of the detection system @
with respect to the initial kinetic energy and the starting po- [ 1
sition of the ions. lon trajectory calculations show that with - !
the present voltage settings the ions with an initial kinetic - '-'r'-'r'-g‘% ''''''''''''''' -*I" —

o I
[ j

energy of as high as 25 eV/charge can be collected with the Co¥

same efficiency as the thermal ions in the focusing time-of-

flight mass spectrometer. The kinetic energy release in the (b)

dissociation of the doubly ionized GChas been measured

by Masuokaet al. [9], which are well within the collection FIG. 2. Covariance mapping mass spectrum of,@0the elec-

capability of the present setup. For triple and quadruple iontron energy of 600 eV, raw data.

ization, no data on the kinetic energy release exist. The ki-

netic energy release of triple and quadruple ionization of Cdective and exclusive detection of the products from multiple
due to the fast ion beam collisions was measured by Mathupnization of the molecules, the ionic fragments have to be
et al. [5] and Sampolkt al. [4]. If the kinetic energy of the detected in coincidence. Here we measure the cross sections
fragments from the electron impact ionization of £@  of these channels and investigate the dissociation dynamics
similar to that from CO due to a fast ion bea@though by studying the covariance mapping mass spectroscopy of
most probably it is smallgr we assume that all the ionic the fragmentg3,19]. The technique of covariance mapping
fragments from triple ionization and more than 90% of themass spectroscopy was developed by Frasieski. [3,19].

ions from quadruple ionization can be collected by theln this technique the autocorrelation function of each single-

present setup. shot spectrum is calculated and accumulated. After a long
time accumulation the coincidence spectra are illustrated in a
C. Experimental setup for dissociation dynamics two-dimensional map as shown in Fig. 2. A normal time-of-

For the study of the dissociation dynamics, we replace th(I,-l'g.ht mass spectrum is also shown on Has well as iny

FTOF with a normal Wiley-McLaren time-of-flight mass XIS of Fig. 2. Every count on the two-dimensional map cor-

spectrometer, which is called TOF2. The electron gun an&esponds to the detection of an ion pair. If the total number

the effusive molecular beam are identical with those in theOf counts in each single shot is very small, the accumulated

cross-section measurements with the FTOF. In this TOF2 thgPectrum can be u;ed to determine _the cross sections for the
electric field in the interaction region and that in the flight lon pairs as described by Frasinsiial. The structure of

tube are homogeneous so that the dissociation dynamics cgﬁCh island is actually a momentum contour, which can be

be more easily interpreted. The lengths of the interactio%Sed o inter'pret the dyqamic; in the dissopiation process. At
region, acceleration region, and the flight tube are 12 mm, 1 e top of Fig. 2 there is a line that consists of several is-

mm, and 425 mm, respectively. The detector and the eleé?nds’ where every count corresponds to the detection of a

. : . L .
tronics are identical with those used in the previous cross—C02 and a further ion. Physically it is not possible to pro-

. . .
section measurement with the FTOF. The voltage on thguce a CQ" as well as another ion f_ro_m a single &Onol- o
flight tubes is adjustable from 1 to 2 kV, and that on theeCUIe' Hence, these counts must originate from false coinci-

extraction mesh is also adjusted correspondingly. dences, where the ions are producedi from different
molecules. In order to subtract the false coincidence counts,

a spectrum accumulated from single-count events is also re-

corded at the same time, which is used to subtract the false
Another major difference of the present experiment fromcoincidence in a similar way to that of Brue al. [10].

the previous work is the coincidence technique. For the seBriefly, the autocorrelation function of the single-count spec-

D. Covariance mapping mass spectroscopy of CO
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FIG. 3. Covariance mapping mass spectrum of, @0the elec-
tron energy of 600 eV, after the subtraction of the false coincidenceto a higher order of ionization, its cross section is expected to
be smaller than the channel with a neutral third fragment by
trum is calculated, and the amplitude of the islands correat least an order of magnitude. As a result, we consider that
sponding to the detection of a pair of gOand another ion what we get from Eq(1) is the cross section of the channel
is normalized to that in the accumulated covariance mapwith a neutral third fragment. For getting the data at a par-
Then it is subtracted from the covariance map. The covariticular electron energy, the accumulation tsk&h at arep-
ance mapping mass spectrum after the removal of the falsgtition rate of 5 kHz. Usually the measurements have been
coincidence is shown in Fig. 3. After the subtraction we segepeated at least four times. The statistics are taken to get the
that some statistically insignificant fluctuation around 0 isfinal cross-section values and the data fluctuations.
left at the top of the map.
The absolute cross section of an ion pair, for instance
C* + O", is obtained by E. Error estimate in the cross-section measurements

A very important error source in the measuremenb-of
Nesincidence typg channels is due to the f§.|S§ coincidence. In order to
———— o (total), (1)  verify how much the false coincidence contributes in the
NtotalT 7 present work, we measured the cross sectiong-dfype
channels at different count rates by adjusting the molecular
wheren,,, is the total number of ionsr(total) is the total density and the electron beam current. The count rates for the
ionization cross section of CQ17]. T is the total transmis- true coincidence are proportional to the molecular density
sion of the meshes in the time-of-flight mass spectrometer. and the electron beam current, whereas the count rates of the
is the detection efficiency of the microchannel plate. We gefalse coincidence are proportional to the squares of the mo-
the transmission of the meshes from the measurement of tHecular density and the electron beam current. The results on
optical transparency and the open area from the manufactuthe ion-pairs of C + O, O* + CO", and O" +O" are
er's manua[20]. The two data agree with each other. We getshown in Fig. 4. We can see that the data fluctuate within
T=58.1%. For the detection efficiency of the microchannel*4% although the total count rate has increased from 300 to
plate, we use the open area ratio from the manufacturer$200/sec. This suggests that our subtraction of the false co-
manual, which is 60%421]. It has been proven experimen- incidence is very effective. The false coincidence thus does
tally by a number of authors that the detection efficiency ofnot cause a large error in our measurements. Further error
the microchannel plate is equal to its physically open aresources can be due to the error of the total cross section data
ratio [22—25. of CO, (15%), those of the absolute transmission of all the
Here we want to note that for the products of a channemeshes and that of the detection efficiency of the microchan-
consisting of an ion pair and a third fragment, we always genel plate. As a result, we expect that the total error of the
the total cross sections of the channels in which the thirdneasurements for the channel with an ion pair is about 20%.
fragment is either neutral or charged. If the third fragment isFor the channels with an ion pair and a neutral fragment, the
charged, this channel is@atype channel. The measurement cross section may be overestimated because we cannot dis-
of the cross section for these channels requires in principle tinguish whether the third fragment is neutral or charged.
triple coincidence, i.e., a three-dimensional covariance map¥he error is expected to be about 25%. Because of the diag-
ping technique, which has not been done in the present workanal noise and the dead channels of the discriminator and the
However, since a charged third fragment always correspondsutlichannel scaler, the error for the channels with*2i®

o(Ct+ 0=
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I1l. RESULTS AND DISCUSSION
A. Cross sections and dissociation ratios

The cross sections of the four possible channels after the
single ionization of CQ (as listed in Table)lare shown in
Fig. 5. The values for the three dissociative channels are
listed in Table II. That for C@" has been published before
[17], so it is not included in Table II. The total cross section
for single ionization is obtained by summing the cross sec-
tions of the four channels. We can see that the maximum of
the total cross section for the single ionization is at about 90
eV. The dominant channel is the formation of the stable
CO,*. The cross sections of three dissociative channels
CO,"—CO" +0, CO,"—=0" + (C,0) and CQ'
—C*+(0,0) are relatively small. Locht and Davister stud-
ied the dissociation channels of gOfor the electron ener-

FIG. 5. The cross sections of the possible dissociation channefd'®S between 19 and 40 eV. They found that at high electron

after

single

ionization
CO," (-¢-), CO™+0 (-0-), O +(C,0) (-+-),

of The

Co

products
and

are
c

energies, the ionic fragments originate exclusively from the
multiple electron transition states of GO These multiple

+(0,0) (4-). The total cross section of the single ionization is €lectron transition states are probably all unstable in all three

shown by @-.

larger. We expect that it is about 25%. We subtracted th

dissociative channels. If this is true, the stable,CQons
should be populated into single electron transition states and
most likely at low energies. Even at high electron energies,

&he transition is still dominated by single electron transitions

diagonal noise and made the compensation to the dead cha@y- |ower bound states of GO. At high electron energies
nels assuming that the peak of the island-©0™ is flat near

the diagonal of the covariance map. For thgype channels,

the cross section is derived indirectly. Since we neglected the The cross sections for the six possible channels after a
c-type channels, the error is expected to be about 25%.

the channel C@"— 0" +(C, O) has the highest cross sec-
tion among the three dissociation channels.

double ionization, which are also listed in Table |, are shown

TABLE Il. The cross sections (13° cn?) of different dissociation channels after single and double ionization of. CO

Single ionization

Double ionization

EE CO"+0 O"+(C, 0) C'+(0, 0) o' +Co* 20"+C C'+0"+0 O?"+(C, 0) G +(0, 0)
595 132 218 87.5 53.8 21.1 48.4 0.376 0.0341
545 141 233 94.2 58.4 22.7 52.7 0.526 0.115
495 155 256 105 65.8 25.0 59.1 0.598 0.206
445 164 271 111 71.4 27.2 64.3 0.506 0.456
395 177 290 119 76.4 30.0 715 0.711 0.396
345 197 318 132 85.4 34.7 80.7 0.775 0.594
295 218 349 149 98.4 39.1 92.2 0.893 0.720
270 231 370 160 103 41.8 99.4 0.952 0.841
245 245 392 169 107 43.8 104 0.923 1.00
220 255 410 178 114 46.0 109 1.08 1.13
195 270 430 188 121 46.7 113 1.08 1.36
170 284 455 203 126 47.1 113 1.12 1.39
145 308 481 218 129 45.2 109 1.07 1.50
120 329 503 238 130 38.9 94.9 0.926 1.23
95 350 513 252 120 26.2 66.1 0.527 0.857
85 356 507 251 110 20.6 53.4 0.285 0.562
75 360 488 245 96.5 14.2 36.9 0.138 0.255
65 359 460 226 73.8 10.2 20.3

55 349 400 183 44.1 7.56 7.68

45 340 277 120 13.8 3.46 1.52

40 314 222 68.1

35 252 175 35.0

30 136 116

25 28.4 75.2
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FIG. 6. The cross sections of the possible reaction channels after
double ionization of CQ. The products are CO' (-X-),
cC*+0* +0 (-d-), CO*+0" (-0-), Ot +0*+C (-+-)
(C?* +(0,0)x200 (©-), and [(C,0)+0?*"]x200 (®-).
The total cross section of double ionization is shown @y.-

FIG. 7. The cross sections of the channefs ©CO" (-0-) ,
O"+0?* +C (-0-), and (G"+C"+0) (-¢-), C* +0"
+0(-X-) after triple ionization of CQ. Also the cross section of a
dissociation channel of quadruple ionized £Q(C?** + 0"
+0)X 10 (—+—) is shown.

in Fig. 6. The results for the five dissociative channels are
listed in Table II. In the first channel metastable £Omol-  the equal charge separation channel ,£0-20" + C*.
ecules are produced and the cross sections can be measukgolvever, the measurement of the cross section for this chan-
directly with the conventional techniqugd7]. The three nel requires triple coincidence techniques, which has not
channels with ion pairs are measured with the present covdeen available in the present work. The results for the mea-
riance mapping mass spectroscopic techniques. The crossred channels are shown in Fig. 7 and are listed in Table Il1.
sections for the other two channels, which are multiplied bywe can see that no stable O is observed in the experi-
a factor of 200 in Fig. 6, are derived from the data obtainednent. The carbon dioxide molecules tend to dissociate into
in the last step. The maximum for the total double ionizationthe smallest possible fragments after triple ionization. Hence
cross section lies at an electron energy of 160 eV, which ishe cross section for the two-body separation channel
higher than that of the single ionization by about 70 eVCO,** —0O?" +CO" is the smallest among all the measured
because the electronic states of the doubly ionized carboshannels. The maximum of the cross section for this channel
dioxide should lie at a higher energy range than those of thées at about 200 eV, whereas that for the other channels lies
singly ionized molecules. The total cross section for doubleat about 270 eV. These energies are much higher than those
ionization is also about 10 times lower than that for singlefor the single and double ionization because the electronic
ionization. Instead of the formation of stable €O, the states of the triply ionized carbon dioxide lie at higher ener-
dominant channel after the double ionization is the equagies. The total cross section of the measured channels is
charge two body separation process £0-0" + CO". more than two orders of magnitude lower than that for
However, the cross sections for the channels obCand  double ionization. If all the channels are measured, the total
CO,%"—0" + CO" maximize at the same electron energy cross section is still expected to be smaller than that for
of 120 eV, suggesting that these two channels may involvelouble ionization by at least an order of magnitude.
similar electronic states of GO'. The cross sections of the Among all the channels after the quadruple ionization of
channels of C&#*—C* + O" +0 and CQ*—20" + C  carbon dioxide, we can only measure the cross sections for
have very different shapes compared with the two channelthe channel Cgf™ — C?" + O*" +0, which are also shown
mentioned above. They maximize at the electron energy ah Fig. 7 and listed in Table Ill. For clarity, the result is
170 eV, which is much higher than that of the other twomultiplied by a factor of 10 in Fig. 7. We see that the cross
channels. This suggests that the dissociation of the channedgctions for this channel are lower than those for the triple
of CO2"—C*" + 0" +0 and CQ?*—20" + C may in- ionization channels by at least one order of magnitude. The
volve very different electronic states from that of the channekross section maximizes at even higher electron energies.
CO,2"—0O" + CO". This will be studied later in the analy- The dissociation ratios for single and double ionization of
sis of the dissociation dynamics. It is very improbable thatCO, are shown in Fig. 8. We see that at the electron energies
the two charges concentrate on a single atom after the doub#bove 300 eV, the dissociation ratios almost reach constant
ionization of CQ. As a result the cross sections of the chan-values at 26% and 90% of the single and double ionization,
nels CQ?*—0O?" + (C, 0) and C@** —C?* + (0, 0) are  respectively. For triple and quadruple ionization, the disso-
smaller than those of the previous channels by a factor of atiation ratios are both 100%. This indicates that after the
least 50. single ionization of C®, most of the molecules stabilize
Among all the dissociation channels after the triple ion-into some electronic states of GQ However, after higher
ization of carbon dioxide, the dominant one should be due tstages of ionization, the Coulomb interaction inside the mol-
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TABLE lIl. The cross sections (I0° cn?) of different dissociation channels after triple and quadruple ionization of. CO

Triple ionization Quadruple
EE or+Cct+0 o +0t+C ot +cot C*"+0*'+0 Cr+0?"+0
595 0.660 0.823 0.122 1.20 0.051
545 0.689 0.838 0.0866 1.30 0.041
495 0.738 0.890 0.133 1.40 0.044
445 0.862 1.01 0.113 1.47 0.033
395 0.862 1.05 0.142 1.61 0.040
345 0.922 1.17 0.188 1.72 0.041
295 0.981 1.28 0.200 1.91 0.036
270 1.04 1.25 0.202 1.90 0.032
245 0.960 1.30 0.191 1.90 0.027
220 0.859 1.17 0.226 1.71 0.027
195 0.727 1.04 0.221 1.57 0.01
170 0.559 0.788 0.174 1.27
145 0.310 0.467 0.113 0.693
120 0.0591 0.156 0.0422 0.303

ecules is so large that the atoms tend to fly apart. Hogrevdissociation dynamics of multiply ionized molecules
[26] calculated the lowest electronic states of £Q and  [3,10,13. The structures of the ion pair islands are deter-
found that the ground-state potential energy surface has mined by the momenta carried by the corresponding ion pair.
local minimum with a potential barrier larger than 1 eV for a The experiment was done with the TOF2 system because the
collinear symmetric configuration. This potential barrier g actric fields in the interaction region and the flight tube are

keeps the molecules_ metastable after double ionization a mogeneous and the dissociation dynamics can therefore be
results in the experimentally observed £O. However, o
more easily interpreted.

most of the CG** molecules cannot remain stable. Hence
they dissociate into different fragments. For triply and qua-
druply ionized carbon dioxide, the Coulomb interaction is
even stronger. No local minimum on the potential surface is The ion-pair islands corresponding to the dissociation of
expected. This is the reason why no stable triply or quadrudoubly ionized carbon dioxide molecules at the electron en-
ply ionized carbon dioxide molecules are observed experigrgy of 600 eV are shown in Figs(@—9(c), respectively. In

mentally. The dissociation ratios of GQafter single and  the measurements the voltage on the flight tube is set to 1

double photoionization were measured by Masud@@. At/ The streaks in Fig. @), which are parallel to the diag-

the photon energy of 100 eV, their results agree with the . : L :
present work. onal axis, might originate from noise and dead channels of

the constant fraction discriminator or the multichannel
B. Dissociation dynamics scaler. During the flight of the ions towards the detector,
ome ions may produce secondary particles when they col-
de with any one of the meshes in the flight path. These
secondary particles always coincide with the original ions.

1. Dissociation of doubly ionized C©O

The covariance mapping mass spectroscopic techniq
has been demonstrated to be very powerful in studying th

o] This forms the strong line that is parallel to thexis in Fig.
0.9 31—~ m G f~ O~ B —— OO —0——3 9(c) and at theX time bin of 675. If we compare the struc-
1 o T tures of the islands, we see that the island in Fig),vhich
0.8 . . o
o ] ] corresponds to the dissociation channel of &0
= 0.7 i —O" +CO", has a very sharp and narrow structure. How-
~ 0.6- g ever, the island in Fig. (®), which corresponds to the chan-
S 051 A nel CO?"—0O" +C* +0, has a much broader structure
'}_3' ey ] and a different orientation. That in Fig(d, which corre-
IS 0-4‘_ i sponds to the channel G& —20" +C, has a similar ori-
8 0.3 OP°°°°‘°-°-o-o_o_o_o_o_o_o_o_o_o_; entation to that in Fig. @). In the middle of each island, the
2 o] $ ] numbers of counts are lower, because the counts here corre-
© ;! spond to those molecules that dissociate when their internu-
0.1 1° ] clear axes are perpendicular to the axis of the TOF2. Most of
°.0 -H—"—"—""—-"+—""—"—"Fr—r—"—"rr———r——————— the ions that initially fly in this direction are lost.
0 100 200 300 400 500 600 The theoretical analysis of the covariance mapping mass

electron energy (ev) spectroscopy has shown that the structure of the ion-pair is-
lands is a momentum contour. With the definition of the
FIG. 8. The dissociation ratios after the single ©@—) and  orientation angle illustrated in the lower left part of Fig. 9,
double (- O—) ionization of CQ. we have[10]
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FIG. 9. The detailed structure of the ion-pair islands in the covariance mapping mass spectra. The parentjoh. iFi@0correspond-
ing dissociation channels ate) CO,>*— O' +CO", (b) CO,2* —0"+C"+0, and(c) CO,*"— 20" +C, respectively. In the lower left
part the definition of the orientation angle is shown.

_, Py Qx O and C3™. In the second step the doubly charged frag-
g=tan Py Qy’ (20 ment CB* dissociates into € and O'. As a result, in the
frame of the center of mass of'Gand O the two ions carry
whereP and Q are the momentum and charge of the ions,the same amount of momenta in opposite directions. The
respectivelyX andY represent the ions drawn in tikeandY  center of mass of Cand O carries the same momentum as
direction, respectively. The dissociation channel ,£0 the neutral fragment O but in opposite directions.
—0O" +CO" is a simple two-body separation, where the two  (b) Secondary decay:
fragments remove the same amount of momentum in oppo-
site directions. From Ed2) we see that for this dissociation Co2" - 0"+ CO"™— 0" + C' +0. 4
channelf=45°. The angle in Fig. @) is 45°+1°, which is
in excellent agreement with the expectation. The island i
also sharp and narrow because it is a simple two-body se
ration.

However, CQ?" can also dissociate into 'C+O" +0
with different dynamics. They are described in detail in the
following.

(a) Deferred charge separation:

This mechanism also occurs in two steps. In the first step
p%‘o}* dissociates into two parts with the same chargé, O
and CO'. In the second step COdissociates into € and
0. Since T and the intermediate fragment CQarry the
same amounts of momenta in opposite directions, in the sec-
ond step CO releases much less kinetic energy than in the
first step, as a result, ‘Ccarries a fractiommc /(mc+ mg) of

CO2* — O+ CO?*— O+ C* +O*. 3) the momentum on CQO _

(c) Concerted separation:

This mechanism therefore occurs in two steps. In the first
step CQ?" dissociates into two parts with different charges, Co2*—0" + C' +0. (5
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This mechanism occurs in a single step, although the frag-
mentation of the molecules can be synchronous or asynchra
nous. In either case Dand O are expected to carry a similar
amount of momentum in opposite directions. & expected

to carry much less momentum thart @nd O because it is

SINGLE TO QUADRUPLE IONIZATION OF CQ DUE . ..
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located in the center of the linear triatomic molecule.

Since the momentum distributions on the fragments re-+
sulting from different dynamics are different, the structure of 9
the island can be used to interpret the dissociation dynamics®
The island in Fig. 9b) has a broad structure, but the overall
angle is 70% 2°, which is very close to the angle predicted

by secondary decay process, where we @ettan 123
=66.8°. Hence we conclude that the dissociation of,€0

is dominated by secondary decay. The width of the island
also suggests that in the second step of the decay, the inte
mediate fragment CO releases also some amounts of ki-
netic energy. We also studied the same channel at low elec T '
tron energies €100 eV), we get an orientation angle of
67°*=1°. This is in excellent agreement with the theoretical
prediction. All these suggest that at high electron energies
because higher electronic states are involved, there might b
a minor contribution from concerted mechanism to the dis- GO~ o - .4 ‘,-".'.5‘
sociation channel C8*—0O" +C* +0. Masuoka and co- g
workers [9] also studied this dissociation channel with
photoionization. Their experiment supports the present con-
clusion.

It is very unlikely that the dissociation of GO into
20"+ C can occur through deferred charge separation. Sinct
the angle of the ®-O" island in Fig. 9c) is 45°+2°, we
concluded that the 20+C fragments are formed through _ _
concerted separation of the three fragments. The two O () G 0.08P
ions carry similar amounts of momentum. The dissociation o P
channel is thus synchronous. The broader structure of thi o, 092p O |
island suggests that there might be a minor asymmetry whet i
the two O ions fly away from the C atom. Hence the C v
atom may also carry some small amount of momentum. ’
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The islands in Fig. 10 correspond to the dissociation chan- T 0.80 — 13 7

nels of triply ionized carbon dioxide molecules. These is- 180 190 200 210 220 230
lands have a much lower total number of counts and a pool . .

. . . time-of-flight of O2+
signal-to-noise ratio, although the data were accumulatea
over 24 hours and the voltage on the flight tube was elevated FiG. 10. The detailed structure of the ion-pair islands in the
to 2 kV to increase the collection efficiency to the fast frag-covariance mapping mass spectra. The parent ion |§3C()The
ments produced by the dissociation of £O. However, we  corresponding dissociation channels &g CO,3* — 0" +CO",
can still see some internal features. Four of the,&Cdis- (b) CO3*— O +C?** +0, (¢) CO*'— O +0?" +C, and(d)
sociation channels are illustrated in Figs. (@0 CO* — O" +C?" +0, respectively. In the lower left part the mo-
CO — O?" +CO", (b) CO**'—C" +0?" +0O, (c) mentum distributions of each dissociation channel are shown.
Co%* — 0" +0? +C, and (d) CO*"— O +C?' +0,
respectively. From the orientations of the islands we get thenentum carried by the fragments produced in the dissocia-
angle and the momentum ratios of the corresponding iotion of triply ionized carbon dioxide molecules, we find that
pairs, as listed in Table IV. The structures of the islandsall the O fragmentO atom, O, and G*) always carry a
indicate that in all the dissociation channels of £Othe large amount of momenta. In strong contrast to this all the C
fragments are produced by synchronous concerted mechfiagmentsC atom, C, and C*) always remove much less
nism. The widths of the islands in Figs.(b)-10(d) suggest momentum, no matter how the charges are distributed on the
that the directions of the momenta carried by the fragmentfinal fragments.
are slightly noncollinear. In order to explain the structures In order to understand the charge and momentum distri-
more clearly, we show the projection of the momenta on théution in the fragmentation of multiply charged ions, Hsieh
internuclear axis in the lower left part of Fig. 10 for each and Eland[12] proposed a charge exchange model. In this
corresponding dissociation channel. If we generalize the momodel when a multiply charged molecule dissociates, all the

+09 10 1ybij)-jo-awn

-~ 26
5

—_—

2. Dissociation of triply ionized CQ
660
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TABLE IV. The angle and momentum ratio of G& dissociation channels.

Channel 3*+co* 0?*+C*+0 ot+0t+C C**+0%+0
Angle 64°+2° 33.4°£2° 61.5°£2° 87°+1°
Momentum ratio 0.94 Pco+ IPo+<1.12 0.3KPc+/Pg2+<0.35 0.84& Pg+ /Px2+<1.00 Po+
~9.5
Pc2+

fragments initially share the electric charge by rapid ex-incidence because the backing pressure in the experiment is
change until the distance between them becomes too largenly about 3 torr. No dimers can be formed in the effusive
Quantum mechanically, the densely located potential surflow through the long needle. Also no indication of dimers
faces cross each other. During the expansion of the moleculejas observed in the experiment.
the molecule frequently jumps from one state to another at The structure in Fig. 1(&) can only be explained by not-
the internuclear distance from 2 to 6 A. Hence the electridng the metastability of Cg&*. CO,2" molecules are
charge frequently moves from one atom to another. As &nown to be metastable in the collinear configurati@f).
result, during the dissociation all the fragments feel the efAs mentioned above, the ground electronic state has a local
fects of the Coulomb repulsion and gain momentum from theshallow potential well with a barrier higher than 1 eV above
release of any unbalanced repulsion. When the distance bhe dissociation limit of O +CO". This potential well
tween the fragments becomes too large for the charge mobilmakes C@*" metastable, which then dissociates after a long
ity, the electric charges are localized on certain fragmentdifetime. Similar structures have also been observed by Field
The Coulomb repulsion at this distance will cause some miand Eland in the photoionization of the diatomic and tri-
nor difference in the momentum distributions for the frag-atomic molecules, from the structures of the two arms the
ments with different final charged states. The charge exauthors obtained the mean lifetime of the metastable doubly
change model of Hsieh and Elafti?] can also explain the charged moleculeR27]. The mean lifetime for C&" was
momentum and charge distribution in the present measurestimated to be around 900 ns. During the present experi-
ments, which cannot be explained by a charge-localizeghent CQ?* ions are extracted into the flight tube within a
model. For instance, in the dissociation channelduration of about 600 ns. The G& ions arrive at the de-
CO2*— O +C*" +0 [Fig. 1Qd)], the doubly charged tector within a time duration of 4us. If CO,2* dissociates
fragment G carries only about 10% of the momentum of when it is still in the interaction region, the fragments will
O". However, the neutral fragment O carries 90% of thearrive at the detector in a time that is dependent on the
momentum of O. If the charges are localized a$Cand  masses of the fragments. However, if the dissociation occurs
O* from the beginning of the dissociation, the Coulomb re-when CQ?" is already inside the flight tube, the fragments
pulsion should be mainly betweerfCand O'. Since ¢*  will have the same overall velocity as their parent ion,
is located at the center of the linear configuration ofCO,2*. The dissociation process contributes some extra ki-
CO,, C?* should remove a similar momentum as the neu-netic energy to the fragments, which is much smaller than
tral fragment O. However, this is different from the presentthat produced by the extraction and acceleration fields. As a
experimental observation, which can only be explained byesult, the fragments will arrive at the detector in a time
the charge exchange model. Channelduration that is similar to their parent ion. The metastable
CO,%"— O" +C?" +0O[Fig. 10b)] is another example that decay of CQ?>* is shown schematically in Fig. {4), where
can only be explained by the charge mobility during thewe define¢ as the angle of the Omomentum in the center-
dissociation process. of-mass frame of O+CO" with respect to the flight direc-

tion. If | is the distance between the detector and the?CO

ion when it dissociates? is the momentum of O in the

3. Direct observation of the metastable decay@®,”* center-of-mass framd,cqz+ is the total flight time of CG**

Besides the ion-pair islands discussed above, we also off- it does not dissociatey is the velocity of CQ?* in the
served a special structure in the vicinity of the £0 peak. flight tL_Jbe,_ andM is the mass of the fragment, the flight time
The corresponding part of the covariance map is shown ipf O" is given by
Fig. 11(a). Next to the two-dimensional map the correspond-
ing part of the normal mass spectrum is illustrateXiandY
directions, respectively. We can see that there are two arms | Pcosp
in the map, labeled with 1 and 2, respectively. Arm 1 and Tor=Tcozr— — .
arm 2 cross each other on the diagonal axis, where the time- v® Mo+
bin is exactly the center of the G&" peak. At this bin, there
is also a structure parallel to théaxis, which is caused by Similarly, the flight time of the other fragment CQs given
the collision of the ions with the meshes and similar to thaty
in Fig. 9c). The orientation angles of arm 1 and arm 2 are
31°*+2° and 62%2°, respectively. If we analyze in the
same way as that for the islands in Figs. 9 and 10, the struc- | Pcosp
ture in Fig. 11 would correspond to the coincidence of two Teor=Teozt+ .
CO,%" ions. However, it is not possible to have such a co- v Mcor

6

)
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FIG. 11. (a) The structure of the covariance map in the vicinity of £0peak.(b) The metastable decay of G in the flight tube is
illustrated schematically.

If a dissociation occurs, we will measure a count 8{,  The corresponding dissociations occur when thgZQons
Teot). Because C& " can dissociate at all possibleand¢  are still in the interaction region.
values. We therefore get the two arms in Fig(éllwhere . .
arm 1 and 2 correspond to €°%%<90° and 90% ¢ 4. Further discussion
<180°, respectively. The orientation angles of arm 1 and 2 The dissociation dynamics of GOnhas also been studied
are thus given by tantd,=Mqg+/Mco+ and tamld,  with VUV photoionization[9], heavy-ion impac{14], and
=Mco+/Mg+, respectively. We calculated;=29.7°, and high-intensity laser field§19]. Here we would like to com-
0,=60.2°, which are in excellent agreement with the experipare the dynamics of these different excitation mechanisms
ment. with the present work. In the electron impact part of the
From the analysis we see that the map in Figalls electron energy is transferred to the outer- or inner-valence
actually a velocity contour rather than a momentum contouelectroris) of the molecules. The incident and the released
as in Figs. 9 and 10. In a two-body dissociation, the twoelectrons leave the molecules within a typical duration of
fragments carry the same amount of momentum and the ort0 16— 10"17 s. The dissociation occurs after the decay of
entation angle will directly indicate the mass ratio of the twothe interaction. In the VUV photoionization all the photon
fragments. In the experiment we did not observe any otheenergy is transferred to the outer or inner eledtspand the
structures, suggesting that all the electronic states corresutgoing electrons remove part of the photon energy. After-
sponding to the other channels have a much shorter lifetimavards the other electrons rearrange themselves. The dissocia-
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tion dynamics should be similar to those in electron impacipresent paper we have investigated the multiple ionization
excitation except that the initial electronic states might beand the subsequent dissociation of £®ith an electron

different. In both, photoionization and electron impact, thebeam for electron energies up to 600 eV. Dissociation chan-
cross section decreases by orders of magnitude as the ionizgels up to quadruply ionized carbon dioxide molecules have
tion stage increases. Also the fragments carrying more thapeen identified. By studying the covariance mapping mass
three charges have not been observed before to our knOV‘%pectroscopy of the electron impact ionization of O@e

edge. The advantage of photoionization and electron impag{aye measured the absolute cross sections of the ion-pair

processes is that the excitation energy is adjustable from bejssqciation channels in double, triple, and quadruple ioniza-
low threshold to quite high energies. The starting channel'ﬁOn of CO,. The absolute cross sections of some channels

and the dissociation under different ionization stages Cari}wolving neutral fragments are also derived. The experiment

therefore be studied in detail. Heavy ion impact has beer%hows that the total cross section of single, double, and triple

observed to be much more efficient in ionizing molecules.i nization decreases by at least an order of magnitude as the
Fragments with charges as high as 6 have been observegiation ¢ y 9
ization increases by one stage.

The reason is because a heavy ion can transfer more enertﬂp ) . . .

to the molecules. The experiment also shows that the atom BY Studying the structures of the islands in the covariance
located at the center of the molecule usually carries mord@p, We havi conciludeci that one Of_thezéOd'SSOC'a“O”
positive charges. The cross sections have also been obsern/gtfinnels CF'—C" +0" +0 is dominated by the process

to decrease as the ionization stage increases, although not@ssecondary decay. The channel £0- 20" +C is a con-
rapidly as those in photoionization and electron impact ioncerted process, where the two"Qons fly apart simulta-
ization. The interaction time for heavy ion impact is similar neously and with similar momentum. The three-body disso-
to that for electron impact. The dissociation also happensiation channels of triply ionized carbon dioxide are found to
after the decay of the interaction field. Intense laser fieldbe dominated by concerted processes no matter how the
ionization involves very different ionization and dissociation charges are distributed on the fragments. The momentum
dynamics from the former three processes. The major differdistributions on the fragments in different channels have
ence is that the interaction time in intense laser field ionizabeen obtained from the structure of the covariance map. The
tion is the same as the laser pulse duration, which is mucHissociation dynamics of triply ionized carbon dioxide is also
longer than that in electron impact, heavy ion impact, andstudied. The momentum distribution can only be explained
photoionization processes. The laser field generates dressby the charge exchange model, where the electric charge is
states inside the molecules. Hence the ionization and diss#robile when the distances between the fragments are not too
ciation involve complex dynamics, which has not yet beenlarge. The metastable decay of €0 is also observed di-
understood. Experiments show that the kinetic energy releagectly. Analysis shows that its covariance map is a velocity
is usually smaller than what is expected in the Coulombcontour. The difference of electron impact ionization with
explosion model. The cross section also does not necessaritgspect to other excitation schemes such as photoionization,
decrease as the ionization stages increase. Fragihaki[ 3] heavy ion impact, and high intensity laser field ionization is
found that the sixth order of ionization is most probable inalso discussed.

the multiphoton ionization of C©Oat their laser intensity.

The models of laser-induced trapping and stabilization have

been introduced to understand the abnormal kinetic energy ACKNOWLEDGMENTS

release and abundance of the ionic fragm¢a€s3Q. ]
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