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Orientation dependence of multiple ionization of diatomic molecules in collisions
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We report an observation of the strong dependence of the multipfey&10) ionization cross section on
the alignment of the molecular axis in collisions of highly charged Xe ions withmidlecules at an impact
energy of 5.9 MeV/amu. Theoretical calculations based on the statistical-energy-deposition model well de-
scribe the experimental data.
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In collisions of fast(several mega-electron-volt/atomic fast highly charged ions the orientation effect can hardly be
mass unit highly charged ions with molecules, multiply- larger than a few percen{$§]. In order to clarify the situa-
ionized slow molecular fragments are copiously producedtion, we have, therefore, carried out a series of measurements
The multiple ionization and fragmentation of simple mol- for highly charged Xe ions, accompanied by a detailed the-
ecules has been the subject of many recent experimental aiodetical analysis.
theoretical investigationgsee, e.g.[1-8] and references In this paper we report the first observation of a strong
therein. One of the important characteristics of this processrientation effect for fast highly charged ions impinging on
is the angular distribution of ionized fragments. In case ofdiatomic molecules. In particular, we have studied collisions
diatomic molecules, it is simply related to the dependence 0bf 5.9 MeV/amu Xé%" and Xé*" ions with N, molecules.
the probability for multiple ionization on the alignment of The angular distribution of 8"+ N%™ recoil ions of up to
the molecular axis with respect to the ion beam. On the basig;=6 was measured in coincidence. The total degree of ion-
of simple physical arguments it was expected to find highlyization in a single event was=(q; + g,) < 10. Details of the
ionized fragments preferentially produced when the molecuexperimental technique have already been publighédl5.
lar axis was aligned along the be4#8] so that the projectile  We, therefore, give only a brief account of the experimental
could encounter more electrons at small impact parametetsetup. The experiment has been performed using a 5.9 MeV/
with respect to both nuclei. This idea has qualitatively beeramu X&8" beam of the UNILAC accelerator at the GSI
confirmed in an experimental study of 19 MeVFcolli- Darmstadt. An optional carbon stripper foil in front of the
sions with N, molecules, producing recoil ionsN,qg;=4 collision region was used to get a “X& ” ion beam, which
[9]. A more quantitative analysis has been performed theoeontained X&' (13.5%), X&%" (18.6%), X&%" (20.2%),
retically on the basis of a simple independent atom—Xe** (16.8%), and Xé°" (10.9%). The collimated beam
independent electron modgl0,11. A strong orientation ef-  of highly charged ions interacts with an effusiveg-bhas tar-
fect has been predicted, with predominant multipleget. The slow ions and electrons generated in the collision
ionization occuring when the axis of the molecule is parallelprocess are separated by a weak homogenous electric field of
to the projectile velocity direction. Finally, a first detailed 333 V/cm perpendicular to the beam and to the detector
experimental study of the orientation dependence was donglane. Electrons are detected by a channeltron at one side of
for He™ ions colliding with N, molecules in the energy re- the interaction region; positive ions are accelerated towards
gion of 100-300 keV[12]. The predicted effect was ob- the time- and position-sensitive multiparticle detector at the
served for ionization multiplicityg=4, and increasing with other side. After passing a field-free drift region the ions are
increasingg. This only involved a low-charge projectile, and postaccelerated to a few kilo-electron-volt to increase the
it was not clear if the effect persists also for highly chargeddetector efficiency. The detector is based on microchannel
ions and larger velocities where mainly large impact paramplates (MCP) in combination with an etched crossed wire
eters contribute to ionization. Some measurements for Bi-Nanode structure consisting of independeandy wires[14]:

[13] and Xe-CO collisiong6] have not shown any anisot- an electron cloud from the microchannel plates hitting a wire
ropy in the angular distributions; however, only compara-crossing will result in coincident pulses on the corresponding
tively low recoil charge states were analyzed. Moreover, calx andy wires. For each positive fragment ion the position on
culations based on an independent electron model, witthe detector and the time of flight relative to the electron
single electron-ionization probabilities calculated by thesignal are recorded. Thereby, the experimental setup is sen-
classical trajectory Monte Carlo method, have shown that fositive to all reaction channels resulting in at least one elec-
tron and one or more positive fragment ions. From the mea-
sured positions and flight times of the correlated fragments
*Permanent address: Institute of Nuclear Physics, Moscow Stattheir initial velocity vectors can be determined using classi-
University, Moscow 119899, Russian Federation. cal mechanics. If both fragments from a particular fragmen-
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FIG. 1. Orientation dependence for the multiple ionization ¢f N
molecules §°* in collisions with 5.9 MeV/amu X¥* and Xé3* FIG. 2. The same as in Fig. 1 but for the lower degree of ion-
ions. The histograms show the experimental results. The curves ajgation, [\g‘r .
the results of the theoretical calculations within the SED-UCA
model for g=0.005 (solid ling), g=0.0025 (dashed ling and The revealed orientation effect and its dependence on the
9=0.01 (dotted ling. Short-dashed curve shows the sine distribu-projectile charge and ionization multiplicity, as well as the
tipn. All curves are normalized to the same area as _the gxperiment%ason of the failure of earlier attempts to find it with highly
hlstograms.ﬁ_ls the angle between the ion beam direction and thecharged projectiles can be qualitatively explained as follows.
molecular axis. An orientation effect may be expected if the effective impact

_ ) ) ) parameters that mainly contribute to the ionization process,
Fat|on are detected, these data yield a kmematlcally com_plgtseff’ is less than the dimension of the molecuig; <R, .
image of the molecular breakup process, and the dissociatiqihe opnosite casé, > R., the main contribution to the
energy and orientation of the molecular axis can be derive@oss section comes. frome}mpact parameters much larger
for each individual event._ o N than the size of the molecule, and its orientation in space is

Examples of angular distributions are preigntgd N Figs. 1ot important for these distant collisions. With the increase
and 2 as histograms for the case (_%PNan(_i N lonization,  of the projectile chargeZ,) the strength of its interaction
respectively. The results for the;N ionization contains con- yjth electrons(characterized by the Sommerfeld parameter
tributions from the N* +N°* and the N* + N** channels; =7, /y) is increasing. Therefore, more electrons may be
the Ni° ionization contains R +N°* and N +N®* co-  removed for a given trajectory but at the same time larger
incidences. In both cases the symmetric fragmentation reagmpact parameters contribute for a given degree of ioniza-
tions mainly contribute to the distributions. The histogramstion. Thus, if a process with a small number of ionized elec-
in Figs. 1 and 2 should be compared with a sine functionrons is selected in the experiment, then for highly charged
(short-dashed linethat would describe the result in case of jons a very wide range of impact parameters will contribute
an isotropic angular distribution. A deviation from the sine and the orientation effect will be negligible. In contrast, for a
function indicates an anisotropy. Figure 1 clearly show ahigh degree of ionization the effect is observable but it
strong orientation effect for the X& projectile: the prob- should decrease with increasing projectile charge as we have
ability of tenfold ionization is suppressed when the moleculeobserved. Based on a theoretical analysis a simple estimate is
is oriented perpendicular to the beam. The efféfcany) is  suggested in Ref21] for velocitiesv >1 a.u. ande>1: the
much smaller for the higher projectile charge*Xe The  orientation effect for N target can be observeddt>5 «. In
orientation effect is practically absent for théNionization our case the projectile velocity is 15 a.u. Thus, forZ,
(see Fig. 2 =18 we can expect the orientation effect fpr-6 in accor-
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dance with our observation while fat; =43 we getq>14.  corrections to the stopping power, making it applicable to
A quantitative theoretical interpretation of the experimenthighly charged ions. The further calculations within the SED
has been given within the framework of the statistical-model are identical to those described eafltdr The results
energy-depositionfSED) model as developed by Russek- of the calculations are shown in Figs. 1 and 2 as curves.
Meli [16] and Cockg17]. We have developed an advanced Since the SED model contains one a_djustable parameter, the
version of this model5,18] and used it for a description of 9 factor, we show results for three different values of the
the orientation dependence of the multiple ionization infactor. The solid lines show the best results, obtainedgfor
He"-N, collisions. Essentially, the model considers the pro-=0-005. Note that this value is very close to what was used
cess of multiple ionization as proceeding in two steps. FirstPréviously for the description of multiple ionization in colli-
part of the kinetic energy of the fast projectile is transferred>ons of fast ions with moleculei$]. Apparently, the SED
to the target electrons. The deposited energy may be calc model in combination with the UCA approach for the calcu-

lated using the well-developed approaches of the stopping[‘-"m.on of the gnerg¥+depos_|tlon describes very well the orien-
power theory. In the second step, when the projectile is al-atlon effeqt n X a'."d its dgcreas_e W.'th decreasing de-
ready far away from the target, electrons are emitted, theif €€ of ionization and increasing prOJe_ct|Ie charge..

number being proportional to the volume of the available In summary, we have repqrted t_he f.'r5t observgthn OT the
phase space. This simple statistical approach predicts rathgvo.ng eff_ect of molecular orientation in multl_ple lonization
well the cross sections for multiple ionization in collisions of Of diatomic molecules by fast highly charged ions. The mol-

ions with atoms and moleculd$,18]. Note that a simple ecules are predominantly ionized when the molecular axis is

application of the earlier developed SED model to the cas@“gned along the ion beam. The effect occurs at much higher

of highly charged ion collisions with molecules is not pos- deg.ree's of ionization ther_1 N exper!ments_wn_h low-charge
sible since a linear-response local-density approximatiorﬁ)rojecmes' It decreases with increasing projectile charge and

model [19] was used for the calculation of the depOSitedWith the decrease of the degree of ionization. We have given

energy. It is based on the first-order perturbation approacﬁtgt?\i'titr']\éeoz;ipclzlnactggu?;ttigﬁsgb?ﬁévatgg asavgzg ainqut?g
that is obviously not valid for the highly charged projectile statistical-enerav-deposition mddel a)r/1d ive qood descrio-
ions in the considered velocity range. i fth 9y pt 9 9 P
In order to overcome this difficulty we have modified the lon ot the experiment.
first part of the SED model calculations. We have applied the This work was supported by the Deutsche Forschungsge-
so-called unitary convolution approximati0dCA) by Schi-  meinschaftDFG), by the GSI Darmstadt, by the Ministry of
wietz and Grand¢20] to calculate the impact-parameter de- Science and Technology, Croatia, and by the EU Infrastruc-
pendence of the electronic energy loss of fast Xe ions. Deture Cooperation Network HRPI-1999-40012. N.M.K. is
tails of the application of the UCA to molecular targets aregrateful to Bielefeld University for hospitality. Z.K. ac-
given elsewherg21]. Here we only mention that the UCA is knowledges the financial support of Bielefeld University and
an approximate method that includes the Bloch higher-ordethe hospitality extended to him during his visits.
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