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Velocity and Charge State Dependences of Molecular Dissociation Induced by
Slow Multicharged lons

H. O. Folkerts, R. Hoekstra, and R. Morgenstern

K.V.I. Atomic Physics, RijksUniversiteit Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlands
(Received 8 July 1996

Dissociation of CO molecules by collisions withe>* andO’" at keV energies has been investigated
by measuring the charge states and kinetic energies of the ionized fragments in coincidence with
each other. As opposed to earlier investigations with fast (MeV) projectiles we find that the
kinetic energies of the fragment ions are strongly influenced by the projectiles’ charge and velocity;
e.g., O’* impact results in50% lesskinetic energy release in th€ *-O* fragmentation than
He?" impact. For a qualitative understanding of these effects we invoke the classical overbarrier
model. [S0031-9007(96)01442-1]

PACS numbers: 34.50.Gb, 34.70.+e, 82.30.Fi

Fragmentation of molecules induced by primary ioniza-<compared to molecular dimensions, one expects a “gen-
tion processes has been studied in recent years by variotie” ionization, leading to a relatively low kinetic energy
methods [1]. Besides electrons as ionizing projectiles, alsof the resulting fragments. During recent years, several
synchroton radiation [2,3], short laser pulses [4], fast ionstudies of molecular fragmentation by multiply charged
[5-8], and, recently, also slow multicharged ions [9—12]ions have been performed [8—12]. In the only investi-
have been used to remove electrons from the moleculagation [8] where the projectile charge was systematically
and thus induce bond breaking. The degree of ionizatioryaried, no major influence of this charge on the kinetic en-
the electronic state, and the kinetic energy of the resultingrgy release to the fragments was observed. As opposed
fragments generally depend on the primary process, i.eto that work, we now use significantly lower kinetic pro-
the ionization of the molecule. By selecting the appro-jectile energies (keV instead of MeV). Our experimental
priate method with suitable initial conditions, one mightresults presented in this paper clearly show a pronounced
be able to induce fragmentation in a controlled way. Reinfluence of the projectile’s charge and velocity on the en-
cently, also, new theoretical investigations have been peergy distribution of the resulting fragments.
formed [13] in which potential curves of triply ionized CO  The ionization and dissociation can be described as a
molecules have been calculated in order to provide insightivo-step process:
for the fragmentation patterns of such ions. I )+ ) _

The large amount of research effort dedicated to ioni- AT+ CO — Al T COTT A se (1)
zation and dissociation of molecules is motivated as weland
_by the processes in their own rlght as by their S|g|j|f|cance CO™ = C™ + 0" D% & Ugpg. )
in mass spectrometry and studies of astrophysical plas-
mas. For example, in interstellar clouds or planetary atwhere Uxgr is the kinetic energy released in the dis-
mospheres, dissociative ionization plays an important rolsociation.
not only in the ionization but also in the kinetic energy In the experiments a continuous beant He>* or O+
balance. Because of their large cross sections for eledens is extracted at 3 to 16 kV from the ECR ion source
tron capture multicharged ions are effective sources oinstalled at the atomic physics facility, KVI Groningen.
dissociative ionization. We have used such slow multi-The collimated ion beam with a diameter of 1 mm is
charged ions as projectiles to induce fragmentation of C@rossed with a gaseous CO molecular target with a full
molecules. In this case, one expects that during the colvidth at half maximum of 3 mm. The target pressure
lision, i.e., in a time interval that is short as compared towas about 0.4 mPa and the beam intensity was adjusted
typical molecular vibration times, several weakly boundto ~100 pA. The resulting molecular ions and charged
electrons can simultaneously be transferred from the C@nolecular fragments are extracted perpendicularly to the
molecule to the multicharged. This mechanism is differ-ion beam and via a specially designed electrostatic lens
ent from ionization by electron impact or synchrotron ra-system injected into a reflectron mass spectrometer [14].
diation, where mostly only one strongly bound electron isThe design of the extraction and transport system is such
removed in the primary process, or from ionization withthat the high resolution of the mass spectrometer can be
short laser pulses, where the interaction with the radiaexploited. Details will be presented in a forthcoming paper
tion is over a time range comparable with, or even muctby Folkertset al. [15].
longer than, typical vibration times. With a time-to-amplitude converter (TAC) we have

Since electron transfer to multiply charged projectilesmeasured time-difference spectra by starting the TAC on
can take place at internuclear distances that are large #e first arriving fragment and using the signal from the
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second charged fragment as a stop. With this coincidenddnetic energy contributes to a narrow time interval in the
technique onlyC4* + O”* ion pairs are detected. time-difference spectrum. Under the experimental condi-
To determine the kinetic energy of the fragments wetions, this assumption holds since the fragments are only
have exploited the fact that at low extraction field most ofdetected when they are emitted within a small angle with
the energetic fragments will be intercepted by the entranceespect to the detection axis [15]. The transmission of the
diaphragm of the spectrometer. Only particles ejectedragments depends on the initial kinetic energy. We have
within a small angle with respect to the detection axis carnherefore corrected our coincidence data by multiplication
be detected. In singles time-of-flight spectra this gives risavith 1/k, wherek is the detection efficiency of the frag-
to a double peak structure. lons with their initial velocity ment with the lowest transmission.
towards the spectrometer (forward emitted fragments) have In Fig. 2 the kinetic energy distributions for the
a shorter flight time than the ones with the initial velocity inC* + O™ ion pair formation are shown for 2, 4, and
the opposite direction (backward emitted fragments) sinc&1 keV/amu He?>" on CO collisions (first column) and
the latter ones first have to be turned around in the electrifor 4 keV/amuO’" on CO (second column). It is clearly
field before they can reach the spectrometer aperture. Iseen that the kinetic energy distribution strongly depends
the coincidence measurements, for every measiiféd+  on the primary collision process. In Figs. 2(a)—2(c)
O’ ion pair, one of the fragments is emitted in the forwardwe see that the average kinetic energy released in the
direction and one in the backward direction. Thereforedissociation decreases with increasing collision energy.
there are two combinations leading to two peaks in thélhis strong impact energy dependence over such a small
time spectrum which are separated by a time intef&dl)  energy range is quite remarkable.
which is equal to the sum of the time differences between Another striking observation is the difference in the ki-
the forward and backward emitted’* fragments and netic energy distributions f&t * + O™ formation induced
between the forward and backward emit@d fragments. by O’ and He?* on CO at the same collision energy.
In Fig. 1the time-difference spectrum for collisions with The main contribution to the kinetic energy distribution of
2 keV/amu He?" ions is shown. In the spectrum the the C* + O" fragments produced i®’" on CO colli-
first peak (abou ws) corresponds to the situation where sions is found at 6 eV, whereas féte>* collisions the
the time measurements have been started by a backwamthin component lies around 17 eV. From these results we
emittedC * and stopped by a forwa™, while the second conclude that, irHe?" collisions, higher excited states of
peak is due to a start from a forwa€d"™ and a stop from the transientCO?>* molecular ion are populated than in
the corresponding backwa*. Two peaks associated O’* collisions. To understand the experimental results we
with the C>* + O" combinations are found &t us and  will discuss the charge exchange processes in the picture of
6.5 us. The position of the & + C* contribution is  the overbarrier model [16]. We propose that, in spite of the
marked, but the signal is too low to be separated from the
background of accidental coincidences. ARFARARRAR

For the dissociation of a diatomic molecule the relation a0l a) |
betweenAT and the kinetic energy releas@/xgr) is [
given by 2ol 1

+ r
AT = qqrE V8UUKER , (3

whereqg andr are the charge states of the fragmeiiitss 0 [P e e
the extraction field, ange = mm,/(m; + mo) with my,
m; the masses of the fragments.

We have used this relation to transform the time-
difference spectra into kinetic energy distributions. Doing
S0, we assume that an ion pair with a well defined initial
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FIG. 2. Kinetic energy distributions fo€* + O* ion pair
FIG. 1. Time-difference spectrum of ion pairs produced in 2formation for (a) 2 keYamuHe?", (b) 4 keV/amu He?*, (c)
keV/amuHe 2" on CO collisions. 11 keV/amuHe?*, and (d) 4 keYamuO’* on CO collisions.
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He(nl,n'l) |

molecular nature of CO, the overbarrier model, which has LI L L
been developed for ion-atom collisions, can be used for a | @)
description of electron transfer to highly charged ions, be-

cause the collision time is short compared to the vibration

time of the nuclei in the molecule, and because capture
of the outer electrons takes place at large internuclear dis-
tances compared to the size of the molecule. In the model
it is assumed that, on the way in of the collision, the elec-

trons of the target become subsequently quasimolecular. - O%*(1s,nl,nT)
On the way out of the collision, the electrons are redis- -

Probability

tributed over the target and projectile. . ;
In the following we assume that maximally three elec-  b)
trons are active in the collisions, i.e., become quasimolec- T
ular. For the ionization potentials of the outer three CO 0 20 40
electrons, needed for the overbarrier calculations, we took Binding energy (eV)

13.7, 27.3, and 40 eV, respectively. These values are de-
duced from the thresholds f@03* andCO2* transient FIG. 3. Reaction windows for two-electron capture in colli-
ion production as observed by Lablanqut al. [2] by fions of 4 keyamu He*" (a) andO™ (b) on CO, as calcu-
ST : L ated from the classical overbarrier model for the situation in
means of photoionization, together with the ionization poyphich the two outer CO electrons are captured.
tential for single ionization which has been extracted from
potential energy curve calculations [17] under the assump-
tion that the internuclear distance between the C and thexcitation energy, because the outer electron is recaptured
O remains fixed during the collision. with a binding energy of 21 e\FWHM = 8 eV). The
With the overbarrier model, we have calculated thekinetic energy released by (pre)dissociation to the third,
binding energies of the captured electrons in the projectiléourth, or fifth dissociation limit will be between 16
and the recaptured electron in the target. If, onthe way ouind 19 eV. This can explain the main contribution
two electrons are captured by the projectile ion while one imround 17 eV in the experimentally found kinetic energy
recaptured by the target, this will lead t€®>" molecular  distribution.
ion which sooner or later will dissociate. The population However, the decrease of the kinetic energy release
of excited states is related to the binding energy of thevith increasing collision energy is difficult to understand
recaptured electron. The kinetic energy of the fragmentsvithin the overbarrier model. In view of the fact that
depends firstly on the excited states of the trangigdt*  the collision time (in the order of 0.2 fs) is short as
ion which are populated in the charge exchange processpmpared to molecular vibration times (20 fs) and that
and secondly on the final dissociation limit. typical impact parameters at which electron transfer takes
The results of the calculations for the total bindingplace (0.3—0.5 nm) are large as compared to the CO
energy of the two outer CO electrons after captureequilibrium separation (0.113 nm), it is clear that the
by He?" and O’* are shown in Figs. 3(a) and 3(b), kinetic fragment energies are not determined by direct
respectively. The width of the reaction windows areheavy particle interactions but exclusively, in an indirect
calculated as proposed by Hoeksteh al.[18] for a  way, via the electronic configuration. Apparently, the
collision energy of 4 keYamu. electronic structure of th€0>* molecule produced in the
In Fig. 3(a) the reaction window is drawn for the cap-primary collision process is influenced by the amount of
ture of the two outer CO electrons. The summed bindingime during which the projectile is still in the vicinity of
energy of the two outer electrons in CO is 41 eV. Ac-the molecular ion. At low collision energies, electron-
cording to the overbarrier model, the binding energy afteelectron correlation effects might be responsible for the
capture will be the same since in both cases the electrorisrmation of configurations which lead to a larger kinetic
are bound in the Coulomb field of a doubly charged nu-energy release during dissociation.
cleus. To compare the so-found binding energy with the Electron transfer t®’* is substantially different from
energies of the redlle (nl, n'l’) states, these states are alsocapture byHe?" because, fol0’", a large number of
indicated in the figure. From Fig. 3(a) it is seen that thestates can be populated almost resonantly as can be
reaction window lies in between thHe(1s,2/) and the seen in Fig. 3(b). In this figure the reaction window for
He(21,21") states. This position indicates that the capturecapture of the two outer CO electrons is shown together
of the outer two electrons is unlikely. with the binding energies of the vario® ' (1s, nl,n'l’)
According to the model, capture of more strongly configurations which are calculated with the Cowan code
bound CO electrons is preferred. The reaction windowj19,20]. We see that the reaction window coincides with
for the capture of the second and third electron overlap®3*(1s,4,nl') states. Since the capture of the outer
exactly with theHe(1s,2/) states. This hints at a strong two CO electrons results in the population of lower-
population of excitedCO?** states with about 20 eV lying states of CO>*, this supports the experimental
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