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The collective behavior of up to six target electrons emitted in a single collision of 5.9/MeXP*
with Ne was investigated using high-resolution recoil-ion momentum spectroscopy. With an increasing
number of ejected electrons the recoil ions are increasingly scattered into the backward direction,
providing evidence that the electrons are emitted into the forward hemisphere. Their mean longitudinal
sum energy varies from about 5 eV for single ionization up to 1.1 keV fot"NeExperimental
recoil-ion momentum distributions are in excellent agreement with results of classical many-particle
calculations.

PACS numbers: 34.50.Fa, 34.10.+x

In a single collision of a fast, heavy, and highly chargedafter fast heavy-ion impact [14,15]. (Following these
ion with a complex atom the simultaneous transfer of manyauthors “collective” is used in the sense of “behaving in a
target electrons from bound to continuum states (multiplesimilar or same way.” This does not necessarily imply
target ionization) occurs with large cross sections [1,2]. Ima strong interaction between the individual electrons or a
many cases, for large perturbatiop&p» by the incoming “correlated” motion.) According to these calculations
projectile g is the projectile charge ang is the projectile  electrons are scattered to the side of the incoming projec-
velocity), up to 50% of all ionizing collisions are multiple tile and strongly into the forward direction opposite the
ionization events. These reactions, therefore, decisivelyecoiling target ion which compensates for most of the
contribute to the energy loss and straggling of heavy ionglectron longitudinal and transverse sum momentum. The
in gases [3], plasma [4], tissue [5,6], or solid matter [7,8].projectile was found to be deflected to negative angles

Theoretically not much is known on the behavior of onto the side of the recoil ion for a major part of all
a many-electron system under the action of a timeionizing collisions [15,16].
dependent perturbation. For fast heavy-ion impact where Experimentally, as well, only few investigations have
large projectile charges of up t9 = 92 occur, g/vp  been reported on many-electron transitions going beyond
typically exceeds unity up to comparably large velocitiesthe determination of total cross sections. In particular, a
of vp =< 100 a.u. and perturbation theories cannot beconclusive proof of the above predictions, most important
used over a broadp regime. Quantum mechanical to test the abilities of the theoretical approximations, is
ab initio coupled-channel calculations are usually notstill missing. This is due to the enormous difficulties
practicable in the regime of strong perturbations due to thene faces in many-electron coincidence experiments. Two
tremendous increase in the number of coupled channelalternative ways to achieve information on the collective
Theab initio calculation for triple and multiple ionization properties of emitted electrons are the measurement of
is definitely beyond present computing capabilities. Thusthe projectile energy loss or of the recoil-ion momentum.
in addition to its relevance to applied physics, the time-Energy-loss experiments at largg are extremely difficult
dependent quantum mechanical many-particle problerto perform with sufficient resolutiondp/p < 1073 [17]
remains among the most important and very fundamentand no information on the direction of the emitted electrons
guestions to be investigated in the future. can be deduced from these experiments. The other way,

In the past classicat-body classical trajectory Monte the determination of the recoiling target-ion momentum
Carlo @CTMC) [9] and semiclassical quantum statistical (recoil-ion momentum spectroscopy) also suffered from
[10] many-particle methods have been developed with trelimited transverse [12,18] or longitudinal [19] resolution
mendous success in the prediction of total multiplefor experiments reported until now.
ionization cross sections. Such theories were even able In this Letter we provide first experimental evidence
to provide a reliable description of differential multiple for the collective forward emission of electrons from mul-
ionization cross sections in dependence of the projectiléiply ionizing 5.9 MeV/uU®%* on Ne collisions exploit-
scattering angle [11,12] or the recoil-ion transverse moing high-resolution recoil-ion momentum spectroscopy at
mentum [12,13]. A strongly collective behavior of the large projectile velocitiesvp = 15 a.u). The complete
emitted electrons was predicted for multiple ionizationrecoil-ion momentum vector was determined with a res-
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olution of aboutA pr = *0.35 a.u., a factor of 15 better Ne'* time of flight (TOF) as large as 48sec fori = 1

than the best resolution ever reported [19] for a targetvas measured by the recoil-ion—projectile coincidence.

heavier than He. At large projectile velocities the longi-The TOF provides the target-ion charge state and the
tudinal recoil-ion momentum distribution mirrors the lon- recoil momentum along the extraction direction. From the

gitudinal sum momentum of the emitted electrons withinposition on the detector and the measured TOF the other
an accuracy op  E" /vp (E" is the continuum energy of two momentum components can be calculated and the full
the nth electron) for a multiple ionization event [20,21]. recoil-ion momentum vector is determined.

Thus experimental information ok p;, and on the col- In principle the additional fast coincidence with one of
lective behavior of emitted electrons can be obtained by ¢he emitted target electrons is not necessary but turned out
measurement gbg alone. to be essential for the experiment: In order to sufficiently

The experiments were performed using a 5.9 MeV reduce the background contributions in the &fec time
stripped, well-collimatedl X 1 mn? and charge state window only projectiles coincident with one of the elec-
analyzedU®™* beam from the UNILAC of GSI. After trons were accepted as true start signals for the recoil-ion
the collision the outgoing projectiles were deflected in aTOF measurement. To provide this trigger signal all elec-
magnet and onlyU%™" ions (no charge exchange) was trons with a total energy of less than 70 eV were detected
recorded by a fast scintillation detector at a rate of upwith a solid angle oAQ) > 27 by a 2D PS channel plate
to 1 MHz. EmergingU®™* ions, recoiling low-energy placed opposite to the recoil-ion detector (a postacceler-
target ions of various charge states as well as one dtion of 200 V guarantees optimum detection efficiency).
the electrons emitted in each event were measured in Bhe large solid angle is obtained by extracting the electrons
triple coincidence as illustrated in Fig. 1. This was thewith the electric field and forcing them onto spiral trajec-
final charge states of the projectile and of the target iortories in an additional solenoidal magnetic field of 30 G
are controlled. In addition, the recoil momentum vectoralong the extraction direction [21,22].
was determined as described below (due to the complexity The absolute calibration of the recoil-ion longitudinal
of the triple-coincidence measurement only a brief andand transverse momentum components has been checked
incomplete outline of the experiment can be provided inby applying different extraction voltages and is accurate
this Letter; details can be found in two recent experimentawithin about 0.5 a.u. For Né and 1.2 a.u. for N&".
papers [22,23)). Since in all previous experiments for single ionization

A single stage supersonic jet provided a well-localizedthe theoretical maximum in the longitudinal momentum
Ne target of 2.8 mm diameter and a density of aldoxt  distribution was in excellent agreement with experiment
10'! atomg/cn? at the intersection point with the ion beam [21,25], the present position of the maximum for=
at arest gas pressureldf 7 Torr [21,24]. Recoilionsare 1 was set equal to the theoretical value. The relative
created at the ion-beam jet intersection with small energieaccuracy in thepg scale for differenti is much better
of typically well below 1 eV for the present multiple and experimental uncertainties are less tha#nl a.u.
ionization reactions. They were extracted by a weak The sum of the events over the recoil-ion momenta
uniform electric field of 0.75 Ycm transverse to the ion and charge states was normalized to the J:)reviously
beam. The field was generated between two resistive-layeneasured absolute ionization cross sectios > ;_, o'
covered ceramic plates of 20 cm length (see Fig. 1). Afteof o = 1.1 X 10! cn? [15]. The cross sections for
10 cm of acceleration, the recoil ions drift over 20 cm to berecoil ions with different charge statésare in excellent
focused in time. They are postaccelerated by 2000 V oveagreement withnrCTMC calculations where the total
2 mm and detected by a two-dimensional position sensitivenergy deposition to the target is considered properly.
(2D PS) channel plate detector of 40 mm diameter. The In Fig. 2 the experimental longitudinal momentum

distributions for recoiling target ions with charge states up
to i = 6 are shown in comparison with theoretical results

. calculated in theaCTMC approach. Recoil ions of all
“g:"l“; charge states are mainly ejected with negative longitudinal
2 B —/l/ 15V momenta, i.e., into the backwards direction. Already
— p— [ [ electron for Ne'* this feature is obvious and comparable to that
E P _— observed before for single ionization of He [21] indicating
- /#K Y the influence of the strong and long ranging potential
I Non-beam of the emerging projectile. The backwards emission of
@ ak: — the recoil ions becomes more and more pronounced with
Rf:r?"‘éj? [ 5V increasing electron multiplicity and a maximum in the
momentum distribution at about4 a.u. is observed for
\Helmho”z/ i = 6. For charge states up tb= 4 the theoretical
coils prediction is in excellent agreement with the experimental
FIG. 1. Schematic drawing of the combined recoil-ion elec-data in shape, in absolute magnitude, as well as in the
tron spectrometer. prediction of the position of the maximum jr).
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been demonstrated in a kinematically complete experiment
that the recoil-ion longitudinal momentum mirrors that one
of the electron on the level oAp, = 0.2 a.u.). The
backwards emission of the recoil ions for all charge states
i ) provides a first and unambiguous experimental proof that
107 & =2 \a-experiment the electron sum momentum is directed into the forward
E . hemisphere for multiple ionization by fast highly charged
'./ ion impact.
¢ With an increasing number of emitted electrons the con-
tribution to the longitudinal recoil-ion momentum due to
the > E"/vp term, throwing the recoil ions into the for-
ward direction, can no longer be neglected. The sum en-
ergy of the continuum electrons may be roughly estimated
to be equal to the sum of the ionization potentials of all
emitted electrons (virial theorem). However, in previous
experiments for 10 MeV € impact, projectile energy
losses were found to be about a factor of 2 larger than ex-
pected by the above consideration nearly independent of
the electron multiplicity [17] (a detailed discussion can be
found in [12]; the data are in good agreement with theoret-
ical results). Assuming this to be similar for the present
collision system, the maximum in the recoil-ion longitu-
dinal momentum foi = 6 would be atpg = +4 a.u. if
the electrons were emitted isotropically. Instead, a strong
o x J T pA net shift to the bacl_<ward direction of abou® a.u. is ob- _
o served demonstrating that the electron sum momentum is
longitudinal momentum p; (a.u.) increasingly pointing into the forward direction with in-
FIG. 2. Recoil-ion longitudinal momentum distributions fer creasing electron multiplicity. For = 6 a considerable
fold target ionization. Circles: experimental data. Solid lines:forward sum energy of the electrons of about 1.1 keV can
theoretical results in theCTMC approach. Dashed straight be estimated.
line:  Recoil-ion momentum equals zero. The recoil-ion transverse momenta (Fig. 3) are not un-
ambiguously connected to the emission characteristics
The recoil-ion longitudinal momentum distribution can of the electrons. The balance between the nuclear and
be related to the double differential multiple electron-€lectronic contributions has to be considered which may
emission cross sections as has been pointed out befogange with increasing electron multiplicity. Therefore
[21,25] and described in detail recently for single ion-the transverse momentum distributions for the different
ization [20]. In brief, for collisions with small energy, recoil-ion charge states sensitively monitors the full dy-
momentum, and mass transfers (perfectly fulfilled in thenamics of the collision where the interplay of all active
present case on the level t§~9), it follows from momen-  particles has to be taken into account. The excellent agree-
tum and energy conservation for the longitudinal momenment of the experimentalz , distributions with theoretical

tum balance in multiply ionizing collisions (all in atomic results in Fig. 3 demonstrates the validity of th€ TMC
units): approach in the regime of highly perturbative collisions.

O i i Moreover, it is an additional hint of the nonisotropic emis-
PRI = Z (U, + E})/vp — Z Pe|l - (1) sion of electrons even in the transverse direction as pre-

n=1 n=1 dicted by theory [14]: The electrons are calculated to be

U, are the well-known sequential ionization potentialspreferentially ejected to the side of the incoming projectile.
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for Ne, EY is the continuum energy, ang, is the The question arises whether the experimentally ob-
longitudinal momentum of theth electron emitted in the  served large forward directed electron sum momentum is
collision. a proof that most of the individual electrons are emitted

At large projectile velocities and for small ionization into the forward hemisphere resulting in a collective for-
potentials as well as continuum electron energies, the firsyard motion as predicted by theory. One might assume
two terms are negligibly small and Eq. (1) reduces inthat one fast “binary encounter” electron would yield a
good approximation tcp,(;ﬁ = —>,-1P,- Thus direct backward scattered recoil ion the other electrons being
information on the longitudinal sum momentum of the emitted more or less isotropically. However, as pointed
emitted electrons can be obtained for Ne charge states up tmt recently [20], electrons which suffer a hard binary
i = 3, where these conditions are reasonably well fulfilledencounter with the projectile emerge with an energy of
(for single ionization of He by fast Ni impact [21] it has E, = 2v3 cogd, and, thus, with a longitudinal momen-
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T L B AL — as in transverse direction are in excellent agreement with
1075= i=1 the theoretical results oiCTMC calculations proofing
the ability of classical many-particle models to describe
accurately many-electron processes in the regime of strong

[ EREIT]
el

1076 . perturbations.
3 E Future experimental effort will concentrate on an in-
] ] crease of the recoil-ion momentum resolution and on
107 the implementation of three independent multihit capable

electron detectors [23]: This way complete experiments
for multiple target ionization can be envisaged in the near
future. One particular goal is the experimental verifica-
tion of negative projectile scattering angles predicted for
the major part of multiply ionizing collisions and possible
rainbow scattering of the heavy projectiles.
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