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Ionization and dissociation of N2 and CO in collisions with 2.3q-keV Arq (8 & q & 14)
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The charge-state and energy distribution of molecular ions and fragments produced in low-energy,
highly-charged-argon-ion collisions with N2 and CO were measured. Ar + (8 ~ q ~ 14) ions produced by
an electron-beam ion source and extracted at 2.3 kV interacted with a molecular-target gas jet located in
the ionization region of a time-of-Sight spectrometer. The resulting molecular recoils and fragments
were analyzed by time of flight. For a given molecular target, the measured spectra are all similar and
do not depend on the incident argon-projectile charge state. The spectra are dominated by the singly
charged ion, either N2+ or CO+. The stable or long-lived metastable doubly charged molecular ion
CO + is the second most prominent feature in Ar + on the CO spectra. Similarly, N2 +, which cannot
be distinguished from N+, is also presumed to be present in Ar + on the N2 spectra. The remaining
peaks are associated with the dissociation of the N2o+ and COo+ (2 Q 6) molecular ions formed in

the collision. The peak positions correspond to fragments of a given mass-to-charge ratio and kinetic en-

ergy calculated assuming vertical target ionization.

PACS number(s): 34.50.—s, 35.80.+s, 34.90.+q, 82.30.Fi

I. INTRODUCTION

Collisions of highly charged ions with few- and mul-
tielectron atomic targets have been investigated by
numerous groups over the past two decades. Following
such collisions, the projectiles typically retain their
charge or gain one or two electrons, while the target
atoms have been observed in much higher states of ion-
ization. The details of the outcome of the collision as
well as the pertinent fundamental processes involved de-
pend on the relative velocity between the target and the
projectile. Both theoretical and experimental aspects of
such collisions have been discussed in recent review arti-
cles [1—3].

On the other hand, collisions of highly charged ions
with simple homo- or heteronuclear diatomic molecules
(02, Nz, CO, NO) have attracted less attention. Wohrer
et al. [4] studied fragmentation of CO~+ molecular ions
produced in collision with 97 MeV Ar' +

by the ion-ion
coincidence time-of-flight (TOF) technique. Their results
show that for Q ~ 2, breakup of the molecular ions pref-
erentially leads to a symmetric or nearly symmetric dis-
tribution of charge between the fragments. The TOF
spectra are dominated by dissociation products, with C+
and C + peaks being the most prominent. The molecular
ions CO+ and especially CO + do not seem to be formed
in any appreciable quantities. In an earlier paper, this
group investigated the Coulomb explosion of 02 ~+
molecular ions following 40 MeV Ar' + collisions with
Oz [5]. Ben-Itzhak, Ginther, and Carnes [6] have also in-
vestigated the CO~+ system produced in collisions of 1

MeV/amu F + ions with CO, using the ion-coincidence
TOF technique. The TQF spectra show the molecular-
ion CO+ as being dominant, followed by the dissociation
products C+, 0+, C +, 0 +, etc, whose i tensities are
smaller by at least an order of magnitude. The CO
peak, which is comparable in intensity to the C + frag-
ment peak, seems to be more pronounced than in the ex-

periment of Wohrer et al. [4]. The most probable reason
for this enhancement is the lower energy per amu of the
incident fast ion beam [6]. In Refs. [4] and [6], the rela-
tive cross sections for the single dissociation channels
were measured. Using a quadrupole mass spectrometer.
Mathur et al. [7] recorded recoil-ion spectra and mea-
sured the energy distributions of recoil ions produced in
100 MeV collisions of Si + with CO2 and CS2 molecules.
Varghese et al. [8] studied colhsions of 19 MeV F + ions
with N2. Using two-dimensional detection of the recoil
ions and their fragments, these authors investigated the
alignment of the molecular axis with respect to the in-
cident projectile direction prior to the Coulomb explo-
sion.

The molecular recoil-ion charge-state spectroscopy
measurements involving highly charged ions have been,
thus far, confined to fast collisions in the MeV range. If
one disregards experiments on state-selective electron
capture in low-energy, highly charged ion-molecular hy-
drogen (deuterium) collision [1,2], experiments on heavier
molecular targets are almost nonexistent. Soejima et al.
[9] have measured cross sections for single and multiple
electron capture by the projectile in collisions of C +

with H2, N2, and 02 in the 0.33-666 eV/amu collision
energy range. McLaughlin, McCullough and Gilbody
[10]have studied collisions of C + with H2 and Oz at 4—6
keV by medium-resolution, 4-eV, translational spectros-
copy. In their interpretation of the energy gain spectra,
the authors concentrated on the dominant single
electron-capture channels. Transfer ionization processes
which lead to highly ionized or dissociated recoil ions ap-
pear to be of minor importance and only show up as peak
tails that extend toward higher exoergicity values. As far
as higher projectile charge states are concerned, the pre-
liminary results of Ar"+ on N2 and CO co11isions at 2.3q
keV by Vancura and Kostroun [11],and the recent work
on Ars+ on CO2 at 2.0q keV by I.ebius and Huber [12]
appear to be the only such experiments reported to date.
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Collision of multiply charged ions with atomic and
molecular hydrogen, helium, and the lighter noble gases
at relative velocities much smaller than 1 a.u. are dom-
inated by electron transfer from the target to the projec-
tile. For example, collisions of 2.3q keV Arq+

(8 ~ q ~ 16) with argon indicate that up to eight electrons
can be removed from the target in a single collision [13].
Furthermore, the electron-capture cross sections are
large, on the order of 10 ' cm . The process of single-
electron capture by bare, hydrogen and heliumlike ions of
low to medium Z elements with atomic and molecular
hydrogen and helium is thought to be well understood
[1,2], and is essentially an extension of existing theories of
electron capture by singly charged ions. Capture is de-
scribed in terms of electron transitions between molecular
orbitals of the quasimolecule formed during the collision.
Diabatic transitions at pseudocrossings of the ingoing
potential-energy curve with the large number of outgoing
potential-energy curves provide the mechanism responsi-
ble for charge transfer. As far as two or more electron
capture is concerned, no satisfactory theoretical descrip-
tions of such processes exist at present.

In order to better understand the mechanism of mul-

tielectron transfer from many electron targets, it is of in-

terest to investigate collisions of highly-charged-argon
ions with multielectron atomic and molecular targets. If
one considers the duration of the interaction of a mu1-

ticharged ion with a molecule, then the several hundred
eV per charge or lower projectile energy region is of in-

terest. Furthermore, collisions of low-energy, highly
charged ions with simple but heavier molecular targets
could be used to gain a better understanding of the mech-
anisms of electron transfer in collisions with multielect-
ron atomic targets or vice versa. Thus, it is of interest to
compare the difference in behavior of atomic and molecu-
lar targets in greater detail. Finally, the doubly charged
molecular ions 02 +, Nz +, CO +, and NO +, which are
some of the more interesting collision products produced,
have been studied extensively both experimentally and
theoretically over the past years and are themselves of in-

trinsic interest [14,15].
In his paper, we report on measurements of the charge

state and energy distribution of molecular ions and frag-
ments in low-energy, highly-charged-argon-ion molecular
collisions with Nz and CO. Ar~+ (8 ~q ~ 14) ions pro-
duced by an electron-beam ion source (EBIS) interacted
with a target gas effusing from a jet in the ionizing region
of a time-of-fight spectrometer. The resulting molecular
recoils and their fragments were analyzed by time of
Aight.
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solenoidal magnetic field. They are trapped axially by a
potential distribution applied to a drift tube structure
which consists of cylindrical electrodes concentric with
the electron beam. After a preset confinement time (20 to
100 ms), the axial trap potential distribution is modified,
and the ions are extracted from the source. The extract-
ed ion pulse is typically 50 psec long. In our experi-
ments, we used a 17-mA, 3.8-keV electron beam ( —1.5
kV on the electron gun cathode, and +2.3 kV on the cy-
lindrical electrode drift tube structure). The extracted
ion pulse repetition frequency ranged from 9 to 47 Hz.

The extracted ions were charge selected by a 90' bend-
ing magnet. At the downstream magnet focus is a pair of
adjustable chopper plates (Fig. 1). One of the plates was
biased at 10 V negative, with respect to ground, to deflect
the ion beam so that it would not pass through a 0.8-
mm-wide, 5-mm-high TOF spectrometer entrance slit lo-
cated 40 cm downstream from the plates. To select a
narrow time slice from the tens of microseconds long ion
pulse extracted from the EBIS, a 200—800-ns-long, rec-
tangular, positive 10-V pulse was applied to the plate
biased at 10 V negative. The pulse brought the potential
between the chopper plates to zero, and ions could pass
through the TOF spectrometer entrance slit. The
chopper plate pulse was triggered by the signal which ini-
tiated the EBIS ion extraction cycle.

The few-hundred-ns-long pulse of projectile ions then
entered the ionization or interaction region of the TOF
spectrometer. The beam of ions interacted with a target
gas, injected at right angles to the beam through an
effusive jet with a rectangular nozzle 0.5 mm wide, and
10 mm long. The effusive jet was located 21 mm down-
stream from the spectrometer entrance slit. Molecular
ions and their charged fragments, produced in collisions

II. EXPERIMENTAL METHOD

A. Experimental arrangement

Low-energy, highly charged Ar~+ (8 & q ~ 14) ions
were produced by the Cornell superconducting-solenoid,
cryogenic electron-beam ion source CEBIS [16] and ex-
tracted at 2.3 kV. In an electron-beam ion source, ions
are formed by sequential ionization by electron impact.
Ions are trapped radially by the space-charge potential of
a high current-density electron beam focused by a

FIG. 1. Experimental arrangement used to measure the
charge-state and energy distribution of molecular ions and frag-

ments produced in lom-energy collisions of highly charged ar-

gons ion with N2 and CO. (a) Chopper plates, (b) repeller, {c)
effusive gas jet, (d) ~/&2 cylindrical electrostatic analyzer, (e)

channeltron, (f) accelerator column, (g) time-of-flight tube, (h)

guide mire, (i) channeltron. The signals mere amplified (AMP)
and fed into a time-to-amplitude converter. Output pulses from
the TAC were processed by a multichannel analyzer.
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of highly charged projectiles with the target gas were
then extracted from the interaction region by an electric
field of a few V/cm and analyzed by TOF. The TOF
spectrometer is biased on the Wiley-McLaren design [17].
The extraction field is applied between two circular elec-
trodes, 51 mm o.d. and 28.6 mm i.d., separated by 14.6
mm. The interaction region is defined by the intersection
of the projectile beam and gas jet located midway be-
tween these two electrodes. Both electrode apertures are
covered by 90/o transmission stainless-steel mesh. The
mesh guarantees field uniformity in the interaction re-
gion, as well as almost 100%%uo spectrometer acceptance of
thermal energy ions. Upon entering the spectrometer,
the recoil ions were accelerated by a 84.5-mm-long ac-
celeration column which consists of 12 ring shaped elec-
trodes similar to those used to define the interaction re-
gion. The last electrode is covered with 90%%uo transmis-
sion stainless-steel mesh and is biased at the same poten-
tial as the TOF tube. The 2350-mm-long TOF tube has a
central guide wire which is biased at several volts nega-
tive with respect to the tube. The guide wire traps the
ions radially, but does not change their fight time [18].
The ions and charged fragments were detected by a chan-
neltron multiplier operated in the pulse-counting mode.
The TOF spectrometer, which is electrically isolated
from ground, is housed in a 10-cm-o.d. stainless-steel
tube.

After passing through the TOF spectrometer interac-
tion region, the incident beam was analyzed by a n/&2
cylindrical electrostatic analyzer located 35 cm down-
stream from the interaction region. The n. /&2 cylindri-
cal electrostatic analyzer was mounted on a movable
stage, and could be displaced to compensate for the
deflection of the beam caused by the extracting field in
the interaction region.

The apparatus was pumped on by two 170-1/s (air)
Balzers turbomolecular pumps and a 1000-1/s (air) Varian
VK12A cryopump. One turbomolecular pump was lo-
cated in the middle of the long TOF tube. The other
pump, along with the cryopump, pumped on the main
vacuum chamber, a 15-cm-i.d. , six-way stainless-steel
cross. The gas target jet nozzle was located directly
above the cryopump. With the gas jet turned off, the
base pressure in the vacuum chamber was in the low-
10 -mbar range. With the jet on, the background pres-
sure in the main vacuum chamber and the TOF tube rose
to the low-10 -mbar range. Assuming a total-cross-
section o of 5X10 ' cm for very low energy, highly
charged ions interacting with the background gas, a 2.5-
m-long flight path l and a target density n of 2.5 X 10 per
cm at 10 mbar, o.ln =0.031, which satisfies the
single-collision condition.

B. Data acquisition and time-of-flight spectrometer
calibration

The signal from the channeltron on the ~/&2 cylindri-
cal electrostatic analyzer set to analyze the projectile
beam provided the start pulse, and the TOP channeltron
the stop pulse for an ORTEC 457 time-to-amplitude con-
verter. The channeltron start signals were amplified by
an ORTEC 485 amplifier, and then fed into an ORTEC

551 timing single-channel analyzer. The stop signals
from the TOF channeltron were amplified by an ORTEC
VT120A fast preamplifier and used without further pro-
cessing. The output pulses from the time-to-amplitude
converter were analyzed by an ORTEC 916-A multichan-
nel analyzer plug-in card for an IBM PS/2 Model 30
computer and MAESTRO II MCA emulation software.

To obtain the best signal-to-noise ratio TOF spectra,
the incident ion beam had to be deflected completely off
the spectrometer entrance slit. This was done by manual-
ly adjusting the separation between the chopper plates, as
well as the beam position with respect to the plates. (The
signal-to-noise ratio could have been improved by ampli-
fying the 4-ns rise-time pulse applied to the chopper
plate, but mechanical adjustment of the plates was
simpler. )

The resolution of the TOF spectrometer used in the ex-
periment depends on the ratio of the width of the
chopper pulse to the total flight time, and on the poten-
tial applied to the guide wire. The effect of the guide wire
on the time of flight and transmission through the spec-
trometer was investigated by numerical calculation of ion
trajectories [19]. The calculations clearly showed the
spiral trajectories with different path lengths for individu-
al ions propagating down the drift tube. The different
path lengths give different flight times, thereby broaden-
ing the TOF peaks. However, some broadening of the
TOF peaks is a small price to pay for essentially 100%
transmission though the TOF tube with the guide wire
potential on. Finally, by changing the ratio of the extrac-
tion to acceleration potentials, the relative positions of
peaks corresponding to energetic charged fragments were
varied with respect to those associated with thermal ener-
gies. This property of TOF spectrometers is very useful
in interpreting the observed spectra (see also [8]).

The charged fragment times of flight T, were extracted
from the raw data as follows. Let To be the time
difference measured by the time-to-amplitude converter.
TD consists of

T0 =T„T+Td =k X—(channel)+ T'McA,

where T is the projectile time of flight from the interac-
tion region to the n. /&2 cylindrical electrostatic analyzer
detector, and Td is the sum of all electronic delays. On
the right-hand side of Eq. (1), k represents the time per
channel used to display the spectrum, and TNIcA is any
multichannel analyzer offset. Since Td cannot be separat-
ed from TMcA, Eq. (1) can be written as

T„=kX(channel)+ TMc„+T

where TMCA denotes all electronic delays.
Three different approaches were used to calibrate the

TOF spectrometer. In the first, we used the recoil-ion
spectrum produced in 2.3q keV Ar' + on Ar collisions.
Peaks corresponding to Ar~+ recoils (1 ~ q ~ 4) were
identified, and from the dimensions of the instrument, the
times T„and T calculated. With the time-to-amplitude
converter set to the 40 psec scale, and using the calculat-
ed T„and T values, we obtained, for k, 4.336X10
psec/channel, and TMcA =3.23 psec. The calculated T~
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for Ar' was 1.11 psec. For other argon projectiles of
charge q extracted at 2.3 kV, T~= v'12/q 1.11. Equation
(2) then becomes

T„=[4.336 X 10 X (channel)+3. 23

+&12/q 1.11]/4sec . (3)

In the second approach, we measured the electronic
delays directly. The m /v'2 cylindrical electrostatic
analyzer downstream from the interaction region was set
to detect an Ar' + beam extracted at 2.3 kV. The
analyzer channeltron signal was split into two and fed
through the same electronics used to generate both the
start and stop time-to-amplitude converter pulses. The
time difference between the signals was measured with a
Tektronix model 2430A digital oscilloscope. The mul-
tichannel analyzer was then calibrated by delaying the
time-to-amplitude converter stop signal with respect to
the start signal. The variable delay between the start and
stop signals was measured with the digital oscilloscope.
The measured time delay precision was better than +0. 1

psec, or about half the duration of the shortest chopping
pulse used. On the 20-psec time-to-amplitude scale, the
error in the time calibration is, on the average, smaller
than 0.5%. The calibration gave a value of
k =4.299 X 10 /4sec/channel and a combined electronic
and Ar' + projectile time-of-flight delay of 4.78 @sec.
The measured k is about 0.8% smaller than the calculat-
ed value, but the TMc~+T~ (for Ar' +) is 0.44 @sec
longer than the calculated value. The discrepancy be-
tween the two is most likely due to the calculated value of
the recoil-ion time of flight, which assumes that all the
electric fields in the spectrometer are well defined.

Under different experimental conditions, different
time-to-amplitude converter (TAC) time scales had to be
used, and/or inverted (TAC) spectra recorded. These re-
quired changes in the electronic delay, and it became im-
practical to measure the delays directly. Accordingly, to
convert the raw TOF data to a time scale, we used the
well-defined value of k, and the overall electronic delay
was determined from the position of two known peaks in
the spectrum. To this end we introduced, along with our
target gases, small amounts of hydrogen. The positions
of Hz+ and the target molecular ion (e.g. , CO+, Nz+)
which bracket the TOF region of interest were then used
to determine the overall electronic delay.

ties were parallel or nearly parallel to the electric field in
the spectrometer interaction region. The most prominent
peak at 33 @sec corresponds to the molecular ion Nz +,
while peaks with shorter flight times correspond to
charged fragments of the target molecule. From the
known geometry of the spectrometer and potentials ap-
plied to its various elements, we have calculated the posi-
tions of peaks corresponding to fragments of a given
mass-to-charge ratio and initial kinetic energy, assuming
that target ionization is essentially vertical. That is, the
distance between the two nuclei of the target molecule
remains unchanged during the collision, and hence the
Coulomb explosion following the removal of two or more
electrons from the target takes place at the equilibrium
internuclear separation of the neutral molecule. Such an
assumption is justified since the duration of the interac-
tion between the projectile and target is about 1.7 X 10
sec (for a projectile kinetic energy of 23 keV and a
1X10 '" cm total cross section), while the vibration
period of the 'X+ ground state of the N~ molecule is
about 1.4X 10 sec [20].

The kinetic energies of the fragments produced in the
breakup of the multiply charged molecular ion can there-
fore be calculated directly from the repulsive Coulomb
potential energy of the fragments evaluated at the equilib-
rium separation of the molecule. We have calculated the
time-of-flight peaks for all reasonable molecular ion frag-
ments and charge distributions. In Figs. 3 —7, the calcu-
lated flight times are shown as a series of vertical lines for
each decomposition of the molecular ion into a fragment
of a given charge (e.g., N+) with the charge on the coun-
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III. RESULTS

A. Ar~ on Nz

We have measured the recoil-ion and molecular frag-
ment time-of-liight spectra in Arq+ on N~ (6«q «14)
collisions at 2.3q keV. The initial measurements were
done using a medium-resolution, 50-cm-1ong TOF spec-
trometer. Since all of the spectra are qualitatively and
quantitatively the same (Fig. 2), we present only represen-
tative results. The Ar + on N~ spectrum is shown in Fig.
3. This spectrum was recorded at a 2 V extraction poten-
tial (electric field of 6.7 V/cm) and therefore higher-
energy fragments were observed only when their veloci-
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TIME OF FLIGHT (psec)

FIG. 2. Time-of-Bight spectra of molecular ions and frag-
ments produced in 2.3q keV collisions of (a) Ar'+ and CO, and
(b) Ar' + and CO. The sepctra were recorded with a 50-cm-
long TOF spectrometer. They are virtually identical and
representative of the general observation that, for N& and CO,
the sepctra do not depend on the argon-projectile charge state.
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FIG. 3. Time-of-flight spectrum of molecular ions and frag-
ments produced in 2.3q keV collisions of Ar + on N2. Tht; spec-
trum was recorded with a 50-cm-long TOF spectrometer. The
vertical lines represnt flight times for a given breakup of the
molecular ion into fragments of the indicated charge, and coun-
terfragments of charge 0 (rightmost line) to 3+ (leftmost line),
respectively. A small amount of H2 was introduced along with

the target gas for TOF calibration. The vertical scale refers to
the X 10 spectrum.

terfragrnent varied from 0 to 3+. The rightmost line in
each series corresponds to a breakup into a fragment with
the indicated charge plus a neutral counterfragment. The
second from the right line indicates a breakup into a frag-
ment with charge + l (e.g., N+), and so on.

Hence, in Fig. 3, the second rightmost peak around
23.5 psec corresponds to a breakup of N2+ into a
thermal energy N+ and a neutral atom N . However, the
molecular ion Nz

+ can contribute significantly to this

FIG. 5. Time-of-flight spectrum of molecular ions and frag-
ments produced in 2.3q keV collisions of Ar + on CO. The
spectrum was recorded with a 50-cm-long TOF spectrometer.
The vertical scale refers to the X 10 spectrum. The most prom-
inent feature in the X10 spectrum is the stable or long-lived
metastable doubly charged molecular ion CO +.

peak because its mass-to-charge ratio coincides with that
of a thermal energy N+ ion. The smaller peak at 21.5
psec corresponds to N+ ejected from N2 +. The slight
tail of this peak which extends towards shorter flight
times is due to N+ ejected from Nz +. The calculated
positions are marked by vertical lines, and the agreement
with observed flight times is excellent. As for the N +

fragments, the peak at 15 psec is due to the breakup of
N2

+ into N + and N+. The absence of a thermal ener-

gy N + peak clearly shows that two-electron capture
from the molecule followed by its breakup into N + and
N is highly unlikely. The poorly resolved structure
above 10 psec corresponds to breakups in which one
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FIG. 4. Time-of-flight spectrum of moelcular ions and frag-
ments produced in 2.3q keV collisions of Ar"+ on N&. The
spectrum was recorded with a 2.5-m-long TOF spectrometer at
10 V extraction potential. The vertical scale refers to the X 10
spectrum.

FIG. 6. Time-of-flight spectrum of moelcular ions and frag-
ments produced in 2.3q keV collisions of Ar"+ on CO. The
spectrum was recorded with a 2.5-m-long TOF spectometer at 6
V extraction potential. The vertical scale refers to the X10
spectrum.
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The measured TOF spectra indicate that in collisions
of highly-charged-argon ions with molecular nitrogen,
the molecule can lose up to six electrons. Following
charge redistribution to both nuclei, the highly charged
molecular ion breaks up into fragments with equal or
similar charges. In the present experiment, one-electron
capture from the molecule which leads to dissociation
cannot be separated from two-electron capture, which
produces the relatively stable states of the Nz

+ ion [21].
Two-electron capture can also result in the formation of
repulsive states of Nz, which then break up into two
N+ ions that recoil from one another, each fragment
with 6.61 eV kinetic energy. Three-electron capture is
followed by break up into N+ and N +, and there is no
evidence of charge partitioning into N and N . When
four electrons are removed from the target, the fragmen-
tation leads preferentially to two N + ions. Break up
into N+ and N + occurs with a much lower probability.
There was no indication of thermal energy N ions,
even though the instrument has essentially 100% collec-
tion efficiency for very-low-energy ions. The capture of
five and six electrons from the target results mainly in the
fragments N, N +, and N + respectively. That is,
Nz'+ N ++N +, and N + N ++N +.

The relative contributions of Nz
+ and thermal

kinetic-energy N+ ions to the peak corresponding to
mass-to-charge ratio m /q =14 cannot be ascertained, un-
fortunately. One would have to use a known ' N'"N iso-
topic mixture as a target, but even in this case it would be
difficult to unravel the spectra with our instrument. To
obtain an estimate of the relative number of doubly
charged molecular ions created during the collision, we
used CO as a target. The CO molecule is isoelectronic
with Nz and has the same molecular weight.
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FIG. 7. Time-of-flight spectrum of moelcular ions and frag-
ments produced in 2.3q keV collisions of Ar"+ on CO. The
spectrum was recorded with a 2.5-m-long TOF spectometer at
10 V extraction potential. The vertical scale refers to the X 10
spectrum.

B. Arq+ on CO

As in the case of the molecular nitrogen target, we
used a 50-cm-long version of our TOF spectrometer in
the preliminary studies. Figure 5 shows the time-of-flight
spectrum of molecular fragments produced in collisions
of 2.3q keV Ar + with CO at 2 V extraction potential. In
contrast to the molecular nitrogen target, the peak at
23.3 psec corresponds to CO + alone, with no accom-
panying interference from any other species. The entire
spectrum is more complicated because the multiply
charged CO~+ molecular ion breaks up into fragments
which can differ both in charge and mass. The fragments
share the Coulomb potential energy of repulsion accord-
ing to conservation of energy and momentum.

The most prominent pea.k at 33 psec is associated with
one-electron capture from CO. Following one-electron
capture from CO, the molecule ends up in one of the
stable electronic states of CO+, most probably the X X
ground state and perhaps the low-lying A H, and B
excited states [22]. However, breakup into C+ and 0"
can also occur, as can be inferred from the peak at 21.6
psec. On the other hand, the complementary process
which leads to 0++C does not show up in Fig. 5. This
behavior can be understood in terms of the electronic
states available to the fragments. The lowest-energy
asymptotic breakup channels correspond to

would expect N + fragments. The thermal kinetic-
energy N + peak is masked by peaks which belong to
N + fragments with higher kinetic energies, namely those
associated with counterfragments of charge 2+ and 3+.
Such fragments are produced following the capture of
four or five electrons from Nz. From this singles spec-
trum it is not possible to determine the relative contribu-
tion of thermal energy N + and energetic N + ions.

Similar spectra were recorded with out 2.5-m-long in-
strument. The TOF spectrum for Ar"+ on Nz is shown
in Fig. 4. In this case, the extraction potential was 10 V,
(corresponding to the same electric field of 6.7 V/cm as in
the short instrument). Again, the Nz

+ molecular peak at
7'- psec is the most prominent feature. As in Fig. 3, N+
fragments are observed with kinetic energies that corre-
spond to counterfragments of charge 1+ and 2+. The
thermal energy N+ peak is obscured by the Nz peak.
The N + fragments peak at flight times indicating that
they originate from Nz

+ and Nz +. The sharp peak
around 36 psec is due to a N + fragment associated with
N+, which is slowed down, and then reflected back into
the TOF spectrometer. Such ions should arrive about
1.24 psec later than those directed into the spectrometer,
or parallel to the electric field in the ionization region.
The calculated time of flight agrees quite well with the
observed 36 psec. A similar reAection occurs at the tail
of the thermal energy peak corresponding to m/q =14,
which extends toward longer flight times. The calculated
flight time for a N+ fragment ejected from Nz

+ in the
direction opposite the electric field in the ionization re-
gion is 50.8 psec, again in fair agreement with an ob-
served small peak on the right flank of the N, Nz
peak.

The structure around 27 psec is associated with frag-
ments of charge 3+ ejected from the molecular ions
Nz and Nz +. From the figure, it is clear that there
are no N thermal energy fragments.
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C+( P)+0( P) and to C+( P)+0('D), while the first
channel leading to C( P)+0+( g lies about 2.4 eV
above the C+( P)+0( P) ground state [22].

Two-electron capture, followed by a Coulomb explo-
sion which produces the fragments C+ and 0+ shows up
as the peak at 19.3 psec, C+ repelled by 0+, and a small-
er peak at 22.8 psec, 0+ repelled by C+. The latter ap-
pears as a shorter flight time tail on the CO + peak.
Three-electron capture from CO is followed by breakup
into C ++0+. There is little evidence in Fig. 5 for the
breakup resulting in C++0 +. No thermal energy frag-
ments with charge 3+ were observed, which seems to
confirm the general observation of equal or almost equal
charge distribution between the fragments following two
or more electron capture by the molecule.

Figure 6 shows the TOF spectrum of fragments pro-
duced in 2.3q keV Ar"+ on CO collisions. The extrac-
tion potential was 6 V (electric field of 4 V/cm). The

spectrum shows features similar to those observed in Fig.
5 with the shorter TOF spectrometer, but at much better
resolution. Although in this case the CO + peak at 63.8
psec coincides with the time of flight of a 0+ fragment
repelled by C +, the contribution of the latter process can
be estimated to be about 10—20% of the total intensity
from the other spectra (e.g. , Fig. 7) where the peaks are
distinguishable. Four-electron capture, which is not seen
in Fig. 5, brings about an equal sharing of charge. The
corresponding fragments show up as weak peaks at 39
JMsec, C + repelled by 0 +, and at 45.5 psec, 0 + repelled
by C +. We observed no breakup into asymmetrically
charged fragments, nor did we see any thermal fragments
with charge 4+. Five-electron capture leads predom-
inantly to C ++0 + breakup, as can be seen from the
peaks at 44 psec which correspond to 0 + repelled by
C +, and at about 31.3 @sec, C + repelled by 0 +. The
complementary breakup which would lead to C ++0 +

was not observed, and it is very likely that the reason for
preferential decomposition of CO + into C ++0 + is
similar to that observed in the beakup of CO+ and CO +.
Finally, if the target loses six electrons, the charge is di-
vided equally between the fragments C + and 0 +, which
are by far the most important products.

These conclusions were also confirmed in the spectra
recorded with the 2.5-m-long TOF spectrometer at an
even higher extraction voltage of 10 V, as shown in Fig.
7. In this case, there could be a contribution to the CO +

peak from 0+ produced by the decomposition of CO +,
but since the counterfragrnent C + does not appear at all
in the spectrum, the CO + peak has no interfering ions.
Moreover, such fragmentation is very unlikely as can also
be seen from Figs. 5 and 6. As observed in Fig. 4, the
10-V extraction potential can cause reflection of low-

energy fragments emitted in the direction opposite to the
extracting field. Such a reflection appears at 33.5 @sec. in
Fig. 7, and could easily be mistaken for thermal C +.
However, comparison of spectra recorded at different ex-
traction voltages excludes this possibility. Calculations

of the flight time of C + recoiling from 0+ in the direc-
tion opposite to the extracting field shows that such
reflected ions should arrive at 33.25 psec. Similar
reflection of C+ ions recoiling from 0+ causes broaden-
ing of the thermal C+ peak.

IV. CONCLUSIONS

The formation and breakup of molecular ions created
in 2.3q keV collision of Ar~+ with Nz and CO are in-
dependent of the incident projectile charge q for
8&q &14. The singly charged ions N2+ and CO+ seem
to dominate the TOF spectra. However, these ions have
thermal energies, and because of the unknown collection
efficiency of the TOF spectrometer for the more energetic
ions, it is not possible to determine the relative intensities
of the various fragments. This is in contrast with the
measurements of the recoil-ion charge-state distributions
in Ar~+ on Ar collisions [13], where the recoils have
thermal energies and the detection efficiency for all such
iona by the TOF spectrometer is close to 100%. The
stable or long-lived metastable doubly charged molecular
ions N2

+ and CO + formed in two-electron capture
from the target are created in appreciable quantities.
This would suggest that intense, low-energy, highly
charged-ion beams from an electron cyclotron resonance
(ECR) source could be used to produce these interesting
species.

The peaks in the TOF spectrum corresponding to frag-
ments of a given mass-to-charge ratio and kinetic energy
were identified by assuming vertical target ionization.
That is, the kinetic energy of the fragments was calculat-
ed from the Coulomb potential energy evaluated at the
equilibrium internuclear separation of the neutral mole-
cule for different redistributions of charge on the two
atoms following the capture of two or more electrons
from the molecule. The excellent agreement between the
calculated and observed TOF peak positions indicates
that the distance between the two nuclei of the target
molecule remains unchanged during the collision and
subsequent Coulomb explosion of the molecular ion. All
spectra show that up to six electrons can be removed
from the target molecule in collision with highly charged
Ar ions at 2.3q keV projectile energy. The subsequent
breakup of the molecular ion CO + leads preferentially
to channels with equal fragment charges (Q even), or to
channels C '&+" )++0 '~ " +

(Q odd).
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