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Complete momentum balance for single ionization of helium by fast ion impact: Experiment
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The collision dynamics of He single ionization by 3.6 MeV//8dmpact was explored using the reaction
microscope of the Gesellschaftrf8chwerionenforschung, a high-resolution integrated multielectron recoil-ion
momentum spectrometer. The complete three-particle final-state momentum distribini®iCartesian com-
ponentsp;) was imaged with a resolution dp;~*+0.1 a.u. by measuring the three momentum components
of the emitted electron and the recoiling target ion in coincidence. The projectile energy loss has been deter-
mined on a level ofAEp/Epwlo’7 and projectile scattering angles as small &8~10 7 rad became
accessible. The experimental data which are compared with results of classical trajectory Monte Carlo calcu-
lations reveal an unprecedented insight into the details of the electron emission and the collision dynamics for
ionization of helium by fast heavy-ion impa¢61050-29477)01908-3

PACS numbd(s): 34.10+x, 34.50.Fa

I. INTRODUCTION The complete lack of such data for ion impact is due to
two reasons: First, for most collision systems the change in
When energetic charged projectiles interact with neutraProjectile energy and transverse momentustattering
atoms, the ejection of a target electron is the dominant reac@ndlé in a typical ionization encounter is by far smaller than
tion channel occurring with cross sections on the order of '€ momentum spread of ion beams from modern accelera-
10715 cn?. The detailed understanding of the facets of targefC'S Of €ven storage rings where the ions are cooled by the
ionization, therefore, has a strong impact on any applicatioﬁmeracuon with electrons or lasers. Thus, the momentum

which is based on energy deposition in matter by fast ionschange of the projectile has only been accessible experimen-

o . ) ally with sufficient resolution for lightthydrogen, heliu
Among them are the radiation damage of biological analangslowE <500 keV) ions(see e.%.[(lg]/). O%e study hn;s
other materials, track formation and bulk modifications, theb p ' X

devel f radiation d ion devi dthe i been performed for 2.1 MeV/u®C on Ne where the relative
evelopment of radiation detection devices, and the Investiznq 4y |oss as well as the projectile scattering has been mea-

gation of plasmas. One important source of systematic datg,red for neon multiple ionizatiofl1,17. In a few other
contributing to our understanding of the collision dynamicseyperiments projectile scattering angles have been detected
are measurements of ionization cross sections doubly diffefin coincidence only with the emitted electrdsee, e.g.,
ential in ejected electron energy and andte a review see, [13]), the recoil-ion charge stafd3,14), and its transverse
e.g.[1]). As stated irf1], however, there are only a few sets momentun{15-18§. All these studies severely suffered from
of reliable data for the emission of low-energy electr@gee, limited resolution.
e.g., [2,3]) with energies below 20 eV which contribute  Second, conventional electron spectroscopy, where the
about 50% to the total single-ionization cross section. In adenergy distribution of secondary electrons is scanned step by
dition, most of these investigations were performed usingstep in energy and angle, faces tremendous difficulties in the
low-charged projectiles such as electrphband protong5].  detection of slow electrorfd] and, more importantly, suffers
Recently, highly charged heavy iorifor an upcoming re- from small solid angles on the order of 1Dof 4. Both are
view on existing data s€é]) gained increasing interest con- severe restrictions, because most of the emitted electrons are
cerning applicational aspects in connection with the cancesoft electrons which contribute significantly to the total cross
therapy project at the Gesellschaft schwerionenforschung section, and measurements coincident with the projectile or
(GS)) [7]. the recoil ion are extremely difficuftLl3]. Usually, neither
Despite its outstanding importance, no kinematicallythe charge state of the recoil ion nor that of the outgoing
complete experimental investigation has been published thafrojectile is determined.
provides information on the electron emission, the recoil-ion Due to these reasons the only possible strategy leading to
scattering, and the energy loss, as well as the angular straginematically complete experiments is the coincident, charge
gling of the projectile for single ionization by ion impact. state selective detection of the recoiling target ion and the
Only one study has been presented recently where the longemitted electron where the final momenta of both are deter-
tudinal momentum balance was completely determif8d mined with sufficient resolution. Experimentally this is a
In contrast, single ionization by electron impact has beerchallenging task since, as mentioned before, nearly 50% of
extensively investigated in kinematically complete so-calledhe electrons are emitted with energies below 20 eV and the
(e,2e) experimentgfor a review sed4]). Even for double recoiling target ions of interest have energies in the sub-meV
photoionization a considerable amount of kinematicallyregime. Only during the last few years efficient recoil-ion
complete /,2e) studies have been performed since the pio-detection techniques have been developed, based on ultra-
neering experimert9] in 1993. cold supersonic jet targets, which are sensitive to such small

1050-2947/97/5@)/1351(13)/$10.00 56 1351 © 1997 The American Physical Society



1352 R. MOSHAMMER et al. 56

energy transfers to the target nucléese, e.9.[19—-22 and
for an upcoming review sd@3]). Moreover, efficient meth- LJ atomic
ods for the detection of low-energy electrons have been de- beam .
veloped recently at GSI8,24]. By using a superposition of F B _ :,/M\\:/ +100V electron
electric and solenoidal magnetic fields all electrons with en- < T )
) : ) L . 3
ergies below 50 eV including for the first time those with < fon-beam p— {E 7 P
E.=0 eV were projected on large area position sensitive de- 7 _JC._-—/ 7 i
tectors. From their position and time of flightOF), mea- @—7/ z N
sured in an electron recoil-ion projectile coincidence, their Recdil- ’—W—|
trajectory has been calculated and, thus, their initial momen- lon N +100v
tum vector (all three spatial dimensiopswas obtained. \ /
(Similar projection techniques have been applied more re- Helmhaltz
cently providing either only the total energy of the electrons
[25] or two out of three momentum componef@$,27.) Up FIG. 1. Schematic drawing of the combined recoil-ion many-

to now only longitudinal momentum balances have beerelectron momentum spectrometer.
published since the transverse recoil-ion momentum resolu-
tion was limited to 0.5 a.u. in these first experiments. In thisin the nonperturbative regim@vhich is the most important
paper we report on the kinematically complete experimentabne if slowing down of ions in matter is considered and
study of target single ionization by ion impact with a reso-which, in essence, leads to the Bragg maximum in the energy
lution of Ap;=~*0.1 a.u. for all nine final momentum com- loss is still out of the capabilities of most calculational tech-
ponentsp; . Single differential cross sections, as well as theniques.
complete momentum balance for the longitudinal and the On the other hand tremendous progress has been achieved
transverse direction, are presented. using semiclassical methods. Classical trajectory Monte
From the theoretical point of view considerable progressCarlo (CTMC) calculations are the only method in the non-
has been achieved within the last decade in the description glerturbative regime that treats the full three-particle problem
ionization collision dynamics on a quantum-mechanical bawithout any approximation beyond classical scattering for
sis (for a review se¢28]) as well as with semiclassical treat- the interaction of the charged particles. Quantum behavior is
ments[29,30. In the perturbative regime where the Born included statistically by using a momentum distribution of
approximation is applicable, methods have been developeithe electron in the bound state of the target atom determined
to calculate three-body kinemati¢81—33. In the nonper- by potentials based on Hartree-Fock calculations. Methods
turbative regime the “hidden crossing” methd@4] has have been developed for treating many electron transitions
been developed for slow, adiabatic collisioftg<ve, vp: (n-body CTMQ accounting for the electron-electron interac-
projectile velocity,v.: velocity of the active electrgnMore  tion in the ground state. More sophisticated techniques were
recently the time dependent ScHioger equation of the reported to treat theefe) interaction during the collision
electron in the field of the two nuclei moving on classical accounting for the monopole part of the interactidgnami-
trajectories has been solved numerically by discretization ussal screening: dCTM@43]) as well as on its direct imple-
ing a Cartesian medI85,36. In both methods, however, the mentation in the postcollision dynamics for transfer ioniza-
projectile motion is separated and approximated by a straighton and double ionization collisior|gH4].
line.
At higher projectile veIociti_esL_(p>ve) for nonperturba- Il. EXPERIMENTAL METHOD
tive collisions(q/v,>1, q: projectile charggthree-body in-
teractions also termed “two-center effects” strongly influ-  The recently developed combined multielectron recoil-ion
ence the electron emission characterisf@g87]. Very low- momentum spectroscod4] was used to control and ana-
energy electrons were found to be emitted into the forwardyze with high resolution the reaction products after target
direction due to the “postcollision interaction” with the ionization. One substantial part guaranteeing an internally
emerging projectil¢8,38,39. In addition, as will be demon- cold and well defined He target is a two stage supersonic jet.
strated in this paper, the projectile scattering can no longeFhe He gas expands through a @t diameter nozzle form-
be treated assuming a central interaction potential, but th#dg a supersonic atomic beam. With two skimmers of 0.3
complete three-particle problem has to be solved. Twomm and 0.4 mm diameter, respectively, the innermost part of
center effects on the electron emission have been includeittis beam is cut out providing a localizedX~2 mm) and
recently (for an overview sed28] and references thergin dense (1& cm ) He target. The atomic beam is crossed
and total ionization cross sections as well as the details of theith a well collimated beam(1 mm X 1 mm) of
electron emission were successfully calculatsge also 3.6 MeV/u S&8* ions delivered from the universal linear ac-
[40,41)). In the longitudinal direction even recoil-ion mo- celerator (UNILAC) at GSI. The projectiles were charge
menta as well as the momentum change of the projectilstate analyzed after the collision and®8eions (no charge
have been deduced from calculated electron momenta applgxchanggwere recorded by a fast scintillation counter with
ing momentum conservation layy42]. Since, however, the a rate up to 1 MHz. Recoiling target ions and electrons pro-
complete three-particle problem is not solved, the transversduced in the reaction zone are extracted along the ion beam
scattering of the recoil ion and of the projectile is not accesinto opposite directions by a weak uniform electric field of
sible within this approach. Thus, the very fundamental three1—5 V/cm applied over a length of 22 cffig. 1). An addi-
particle problem, single ionization of a target atom by an iontional homogenous magnetic field of typical 10-20 Gauss,
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generated by two Helmholtz coild.5 m diameter is ap- complete experiments for a large variety of collision induced
plied almost parallel to the electric field which forces the multiple-ionization reactions.

electrons on cyclotron trajectories. In this way the electrons

are efficient!y guided onto the detector an.d a_high detecti_on IIl. THEORETICAL MODEL

solid angle is guaranteed. After acceleration in the electric-

field recoil ions and electrons both drift over 22 cm before The experimental data presented here will be compared
they are postaccelerat¢@000 V for recoil ions and 200 vV  With results obtained with the CTMC theory. As mentioned

for electrony and detected by two-dimensional position sen-in the Introduction, this theory treats the nonperturbative
sitive (2D P9 channel-plate detectors. With this focusing three-particle problem completely concerning the interac-
geometry the time of flight becomes independent in first orfions between all particles, yielding the complete nine-

der on the extension of the reaction zone considerably indimensional final momentum space for single ionization. In

creasing the resolution in the longitudinal direction. From thelNiS Section we give a brief description of the theoretical

position of detection and the TOF, measured in an electronmd.el and sho_rtl_y discuss th_e |mplemented Improvements
and its natural limits. The semiclassical model has been dem-

recoil-ion projectile coincidence, the recoil-ion charge state Lo
and the three momentum components of both, the recoil ioonstrate_d to be an adgquqte gpproach to describe ion mduced

nd the emitted electron. can be deduced AII,r il ion arget single and multiple ionization for a large range of im-
a € emilied electron, can be deduced. ecoll 1onS Ofact velocities and projectile charge states. Moreover, single
interest and all electron@ =41 for energies up to 50 eV

i - 7% electron capture from laser aligned initial states with the
are projected onto the detectors. Due to detector efﬁmenme&mmete determination of produst |, andml quantal lev-

and grid transmissio_ns a total tri_ple coincidence efficiency O_fels has been successfully benchmarked against experimental
about 20% was achieved. Details about the spectrometer, ife emission measurements which includes polarization and
advantages and limits, and how to extract unambiguously thgnjsotropy[47]. Recent studies for target single ionization of
trajectories and the initial momenta of the reaction productselium [8] and multiple ionization of neoh39] using fast
can be found if24]. heavy ions as well as investigations for slow highly charged
If a double-ionization event occurs one is faced with thejon and proton impact ionization of heliuf26,27 demon-
problem that the position and the TOF of both electrons hastrated the capabilities of the CTMC approach. From an ex-
to be recorded. This is not a simple task since both electronserimentalists point of view the fact that experimentally ac-
hit the detector within a time gap of less than 200 ns. Withcessible highly differential cross sections can be calculated
our new three-fold electron detector device, which consisteasily and in a clear manner is a further advantage.
of three independen®2D P9 detectorg45], we can easily The theoretical method used here includes inherently the
fulfill this requirement under the specific condition that eachthree-particle dynamics: the interaction between all partici-
electron hits a different detector. If both electrons arrive afating particles during and after the collision is directly in-

the same detector we lose the position information but wé&orporated in the calculations. The bound-electron initial
can still determine their time of arrival if their spacing in state of helium is taken to be in a model potential determined

time is more than 8 ns. This allows us to extract the Iongi-from Hartree-Fock calculations. This same model potential is
tudinal momenta of both electrons in coincidence with thencorporated in the interaction of the projectile and the target
complete momentum vector of the Herecoil ion. Recent nucleus so that all cha_rges are as_ymptotically correct at both
improvements of the electron spectrometer, time focusing, ad1€ Separated and united atom limits. Moreover, the elec-
well as the threefold detector, are described in more detail itfon’s Compton profile is in reasonable agreement with ex-
[45]. Results of double ionization have partly been publishecP€limental values.
[44] and will be discussed in a forthcoming publication.

Besides the unique advantage of & 4olid angle and IV. RESULTS AND DISCUSSION
large momentum acceptance, which is necessary for coinci-
dence measurements, our technique for low-energy electron The dynamics of single ionization of an atom by charged
detection removes many of the tremendous experimental difarticle impact is completely determined by the measure-
ficulties of conventional spectrometers. The target extensiofe€nt of six out of nine momentum components of the three
is well defined by the supersonic jet. Electrons from the refarticles in the final state. The three missing momentum
sidual gas are completely suppressed in the triple coincicomponents as well as the inelasticithe Q valug of the
dence spectra. The influence of electric fringe fields andeaction can be deduced from momentum and energy conser-
magnetic distortions is drastically reduced by extracting the/ation. For the overwhelming part of ion-atom collisions
electrons. The final charge state of the target and that of thi&ading to ionization of the target atom only little momentum
projectile ion are well defined. Furthermore, since the and energy compared to the initial momentupp) and en-
value of the reaction is measured in addition, simultaneou§rdy (Ep) of the incoming heavy projectile is transferred
electronic excitation of the heavy projectile is excluded. ~ during the encounter. Under these conditions the longitudinal

We want to emphasize, that for the investigation of mul-(along the ion-beam directigrand transverse momenta are
tiple ionization or collision induced reactions where moredecoupled and can be calculated separately on the basis of
than one electron is emitted, like in target ionization accomhonrelativistic energy and momentum conservation. There-
panied by electron loss from or electron capture to the profore, the transverse momentum balance in the Iaboratory
jectile, large active diameter 2D PS electron detectors witframe of reference has to fulfill
fast multihit capable delay-line readout6] will be imple-
mented in the near future. This then allows kinematically Pr. tPe. +App, =0, D
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FIG. 3. Longitudinal momentum distributions of recoil ions and
soft electrons together with the projectile’s momentum Igssto-
gram. Smooth lines: CTMC calculation multiplied by a factor of
1.4.

FIG. 2. lllustration of the collision geometry and declarations
used throughout this paper.

with . . : . .
will be discussed in detail and compared with results ob-
|App, | = 9pV2MpEp. (2)  tained by CTMC calculations. Since one cannot present all
the possible projections and cuts out of the nine-dimensional
(9p is the polar projectile scattering angletp the pro- ~Momentum spacgi.e., the square of the complete three-
jectile ion masspg, , pe, are the final transverse recoil-ion Particle final-state wave functiora subjective selection of
and electron momentum vectors, respectiyelihe longitu- ~ data is presented which in the authors opinion illuminates the
dinal momentum balance is given Ifin atomic units with ~main features of the underlying collision dynamics. Figure 2

fi=e=m,=1, m,: electron masse: electron charge illustrates the geometrical conventions used throughout this
paper. The projectile moves along thelirection (this is the
Pri+ Pei— (Q+Ee)/vp=0 (3)  longitudinal direction. The transverse plane is the-{)

plane. The collision plane is defined by the incoming projec-

and tile vector and the recoil-ion transverse momentum going

along the negative direction (see Fig. 2
App=—(Q+Eg)/vp, 4

wherevp is the initial projectile velocity and\ pp, the lon-
gitudinal momentum transfer. The inelasticity of the reaction The cross-section differential in longitudinal momenta of
Q=(EP"I—EP"Y the total difference in electronic ener- the recoil ion, the electron, and the projectile is shown in Fig.
gies between the initial and final atomic states, is directly3 together with predictions obtained from thedlyes). As
connected to the longitudinal momentum transfer. Moreoverin a previous measureme] with 3.6 MeV/u NF** projec-
the longitudinal recoil-ion momentum is related to the con-tiles the electrons are found to be emitted dominantly into
tinuum energyE, of the ejected electron demonstrating thethe forward direction with a most likely forward energy of
close linkage between recoil-ion momentum spectroscoppnly 2.5 eV. Their longitudinal momentum is almost com-
and electron spectroscop8]. pletely balanced by the backscattered recoil ions. Thus, the
Once theQ value is known, a quantity which is deter- projectile momentum change shows a narrow distribution
mined experimentally, then the process of single ionization isvhose width is mainly determined by our experimental reso-
fully determined by the specification of a fivefold differential lution. Nevertheless, the tail on the left-hand side can be
cross section. Several projections out of this many dimenattributed to the electron energy distributighe E./vp term
sional space onto specific physically relevant quantities willof Eqg. (4)].
be discussed in order to elucidate the dynamics of collision The target atom “dissociates” in the strong electric field
induced ionization. Since all reaction products are detectedf the passing projectile which delivers energy but only very
simultaneously, the absolute cross section is easily obtainditle momentum. Therefore, the action of the fast heavy pro-
by normalizing the sum of all events to the measured totajectile reveals similarities to photoionization where the elec-
single-ionization cross section ofo!*=(3.3+0.5) tron perfectly balances the recoil-ion momentum to the ex-
X 10~ 15 cn? [49]. This same value has been used to normaltent of the negligibly small momentum transferred by the
ize the CTMC calculations which lie 27% below the ac- absorbed photon. In fact, the field of a swift charged projec-
cepted experimental value. tile can be described as an intense electromagnetic pulse con-
In this section experimental results for single ionization oftaining a broadband of photon frequencies. In the framework
helium due to the impact of 288 Me\8.6 MeV/u Se&* of the Weizsaker-Williams method target ionization is de-

A. Longitudinal momentum balance
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energy electrons witlE,<50 eV as a function of the ejected elec-

FIG. 4. Singly differential electron emission cross section fortron’s polar angle. Full line: CTMC calculation multiplied by 1.4.
single ionization of helium by 3.6 MeV/u 8. Full line: CTMC

rgsult scaled up by a factor of 1.4. Dotted line: 1.Born apprOXima'produced by any theorgBorn approximatior{52], CTMC)

tion [52]. nor by any other experimental investigation. For electron en-
ergies above 4 eV the obtained shape of the distribution is in

scribed as absorption of those virtual photons by the atoragreement with CTMC, slightly steeper than predicted by the

[50]. Since almost no momentum is carried by the incident

photons only those whose energy corresponds to the momen-

N
1
o

tum of the electron in the bound state at the instant of ab- 8 [rad]
sorption can interact. Hence, the obtained momenta of the P
electrons and the recoil ions are directly related to the inter- 0.1 0.2 0.5 1.0x1078
nal momenta of the electrons in the helium atom at the in- 47 ] —
stant of the collision with the projectile ion. 5 1 ]
The remarkable forward-backward asymmetry of the E ) A
ionic target fragments can be ascribed to the strong, long- 2 - G recoil-ion |
range potential of the outgoing projectile leading to a “pull- 5 & electron
ing behind” of the electron and a “pushing away” of the '; 10 E E
remaining target ionthe so-called “postcollision interac- o 5 3 ]
tion”: PCI). This behavior is predicted by theofgee Fig. > ] i
3). In a recent theoretical study Wood and OI46i] have £ 5 | i
shown that the longitudinal emission characteristics of recoil O
ion and electron change dramatically if the sign of the pro-  _, 10716
jectile charge is changed. For antiproton collisions with he- S- 3
lium the electron is predicted to be emitted in the backward % 5 ]
direction whereas the recoil ion emerges with positive mo- © .
menta due to the reversed sign of the PCI. 2 A
10—17__
B. Low-energy electrons 3
The total electron emission is dominated by low-energy 57
electrons with energies well below 50 eV contributing to i T T T T
more than 85% to the total single-ionization cross section. 01 02 0.5 1 2
The cross section singly differential in electron energies p, [a.u]

tegrated over all emission anglés shown in Fig. 4 in com-
parison with the theoretical resultll lines) for single ion-

ization of helum by 3.6 MeV/u & Electrons are FIG. 6. Transverse momentum distributions of recoil ions, elec-

. . 1 L . trons, and projectiles for single ionization of helium. The transverse
coincident with H&" ions and projectiles without charge ex- > ° o ) .
projectile momentum exchange is directly associated with the scat-

change in their ground state. As in a previous experirfght tering angle(upper scalg Smooth lines: CTMC calculation multi-

a weak maximum appears around 2 eV which is neither "€5lied by 1.4.
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FIG. 7. (Colon pe, Vs pg, for helium single ionization by 3.6 MeV/u 8¥ impact. The cluster size represents the doubly differential
cross sectiom?o/(dp,, dpg, ) plotted on a logarithmic scale.

first Born approximation and similar to results of other ex-spectrometer at a bandwidth o <5 eV. (Such experi-

perimental investigationgs3]. ments have been performed recently and will be published
We want to emphasize that our results cannot be comgeparately.

pared directly to results of any other measurements at low The oreference of the forward direction of low-ener
electron energies where neither the final charge state of thei preterence . . . . gy
projectile nor that of the target was controlled. To the best of ectron emission 1s obwous, in the dlffere_ntlal cross section
our knowledge, the intensity of these very low-energy elec®S @ function of the electron’s polar angféig. 5. Here the
trons (the first data point in Fig. 4 comprises all eIectronstUb|Y dlﬁgrent|al cross section is integrated over electron
with 0<E.<400 me\} has never been investigated experi- €N€rgies withE,<50 eV. The angular dependence clearly
mentally and it is questionable whether some of the electrondemonstrates the forward peaked electron emission and a
in the very low-lying continuum at the target might recom- reduction of the cross section by more than one order of
bine radiatively. This is one of the questions that will be magnitude into the backward hemisphere. Although the
addressed in further experiments. Reducing the magnitude @greement between experiment and CTMC predictions is
the electric extraction and the magnetic guiding fields arguite good for the longitudinal momenta and the electron
energy resolution of a few meV can be achieved with ourenergies, a slight overestimation is observed in the forward
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FIG. 8. (Color) Projections in momentum space of all particles in the final state after helium single ionization onto the plane determined
by the incident projectile and the outgoing Herecoil-ion momentum vectofi.e., the collision plane The cluster size represents the
corresponding doubly differential cross sectitto/(dp,dp,) on a logarithmic scale. For the recoil ion this is equabte/(dpg, dpg)
since the recoil-ion momentum component pointing out of the paper plane is zero due to the specific projection.

direction along with a significant underestimation of back-served momenta of the atomic fragments. Thus, similarly as

ward emission. in the longitudinal direction they almost completely balance
each other. This is possible only if recoil ion and electron are
C. Transverse momentum balance emitted into opposite directions. The experimental results

In contrast to the longitudinal direction where recoil-ion validate the statement that the total momentum transferred

and electron momenta are linked via the energy-conservatiofy the projectile is small compared to the final momenta of
equation[Eqg. (3)] the transverse direction reveals the full Poth the ejected electron and recoil ion. One important con-
three-body dynamics. Here, the transverse recoil-ion moS€quence Is that there is no direct relationship between the
mentum compensates the transverse momentum of tHEpact parameter and the transverse recoil-ion momentum or
ejected electron and in addition the internuclear momenturthe projectile scattering angle. Theory predicts typical impact
exchange between the target and the projectile. In Fig. 6 thearameters for single ionization of about 4 a.u. being larger
single-ionization cross section differential in transverse mothan the mean spatial extension of the helium atom. Thus,
menta of all outgoing particles is displayed in comparisonthe target nucleus is almost perfectly shielded by its electrons
with predictions obtained from CTMC calculations. We and polarization of the atom becomes important during the
point out that the projectile momentum is deduced from thénward part of the projectile trajectory which, based on the
measured electron and recoil-ion momenta and that the exsemiclassical results, should even result in negative deflec-
tracted projectile scattering angles in the gulad regime are  tion angles[30,54: the projectile was predicted to be scat-
not accessible by analyzing the outgoing projectile directlytered to the same side as the emitted recoil ion for a major
This would require the measurement of a deflection of 1 mnpart of the total single-ionization cross section.
on a detector placed 10 km behind the target region. It would In Fig. 7, where the transverse momentum of the electron
further necessitate a beam quality which is beyond the means plotted versus that of the recoil ion, those events would
of the best available ion accelerators or storage rings. appear above the diagonal line wiph, =p., . This is true
Surprisingly, within our experimental resolution, there isonly if electron and recoil ion are perfectly emitted back to
no difference between the transverse momentum distribudack in the azimuthal planghe plane perpendicular to the
tions of recoil ions and electrons. Moreover, the transvers@rojectile beamn which will be discussed in more detail in
momentum transfer to the projectile is smaller than the obeone of the following sections. In conclusion, the momenta of
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FIG. 9. (Color) Momenta of emitted electron and scattered projectile projected ont@ghp} plane. In this representation the outgoing
recoil-ion momentum vector stands perpendicular to the paper plane corresponding to a rotation of the coordinate system defined in Fig. 8
by 90° around the, axis(i.e., a “side view” of Fig. 8. Plotted are the doubly differential cross sectidRs/(d pydp,) for the electron and
projectile ions, respectively, on a logarithmic scale.

electron and recoil ion are strongly coupled in the longitudi- The tail observed in the projectile distribution towards
nal as well as in the transverse direction: if the electron igositive p, momenta in Fig. 8 can be attributed to the direct
emitted with a high momentum then the recoil-ion momen-interaction of the projectile with the target nucleus. Only for
tum is also large. In addition, for the overwhelming part ofthose encounters is the momentum transfer related to the
all collision events the momentum transfer from the projecdmpact parameter, but this is a minor fraction of all collisions
tile is comparably small. This is true in the transverse as welleading to single ionization of heliuiftross sections are on a

as in the longitudinal direction. logarithmic scale in Fig. B This fact is further supported by
the representation chosen in Fig. 9 where the recoil-ion mo-
D. Three-particle dynamics mentum vector is pointing out of the paper plane. Here elec-

tron and projectile momenta are projected perpendicularly to

A convenient representation to illuminate the completee apove defined collision plane corresponding to a “side
three-particle momentum balance is to project the momentgia» of Fig. 8 from thex direction. If the projectile deflec-

of "’.‘" outgoing reactants onto _the cpllisipn plasee Fig. 2 tion would be caused mainly by interaction with the target
defined by the incident projectilg, direction and the trans- nucleus this projection would deliver narrow distributions

verse recoil-ion momentum vector p, direction (Fig. 8). . .
Several of the main features characterizing the dynamics o(fentered along thp, axis. Instead, a pqn&derablg amount of
fpomentum transfer out of the collision plane is observed

target single ionization by fast heavy ions can be deduce . SN -
from this representation. First, the forward-backward asymEXPerimentally. This implies that the recoil ion and electron
metry of recoil ion and electron which, according to theory, &€ not perfectly emitted back to back. Moreover, the azi-

is a result of the long-range interaction with the recedingMuthal angle enclosed by the electron and recoil ion should
projectile ion(PCI effec). Second, the momentum imparted Show a distinct distribution. This point together with the an-
by the projectile is small in comparison to the momenta ofgular correlation between all participating particles in the
the atomic fragments revealing similarities with ionization @zimuthal plane will be discussed in more detail in the fol-
by photoabsorption. Third, the recoil ion and electron ardowing section.

preferably emitted back to back balancing their momenta on There has been a lively recent discussion on the so-called
a level which corresponds to the small momentum trans*asymmetry of the soft electron emission” in collisions with
ferred by the projectile. strong perturbations. Analyzing data sampled with conven-
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FIG. 10. (Color) The momenta ofa) outgoing projectile ion andb) ejected electron projected onto the azimuthal pléhe plane
perpendicular to the incoming projectile velocity vegtoFhe orientation is defined by the Herecoil ion which is scattered along the
negativep, axis as indicated by the arrows. (n) the projected electron momentum distribution is shown with respect to the scattered
projectile which is deflected towards the negatjxgdirection defining the rotation in this plot. The doubly differential cross sections
d?o/(dp,d py) are presented on a logarithmic scale.

tional electron spectrometers for electron energies above dcattering plane is found opposite to the recoil-ion emission.
eV [2], it was found that most of these electrons are emittedds will be shown in a subsequent theoretical paper this char-
into the forward direction as a result of two-center effectsacteristic changes dramatically as a function of the collision
[53,55. Exploring the full three-particle collision dynamics Vvelocity.

with our method illuminates that this asymmetry indeed is , ,

twofold. In addition to the distinct forward emission of the E. Azimuthal angular correlations

soft electrons another asymmetry becomes obvious in that In this section we want to restrict the discussion to pro-
the maximum of the electron momentum distribution in thejections of the full three-particle momentum space obtained
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after helium single ionization onto the azimuthal plane, thejectile are emitted back to back into opposite directions.
plane perpendicular to the incoming projectile velocity vec-Thus those events are characterized to appear along the line
tor [i.e., the p4-py) plane according to the convention used with ¢,,=180°. Following the same argumentation binary
so farl. The projections of the outgoing projectile and the encounter electron emission, which is a two-body interaction
emitted electron momentum with respect to the recoil ion argetween projectile and electron, shows up along the diagonal
displayed in Figs. 1@ and 1@b). The distributions are ori- ¢p=180°— ¢, whereas a strong coupling of recoil ion
ented such that the momentum vector of the scatteréd He gnq electron, which can be associated with “photoioniza-
recoil ion is pointing along the negatiyg direction as indi-  tion » appears with the typical angle of,.=180°. Al
cated by the arrows without additional condition on theeyents inside these boundary lines experience momentum ex-
length of this vector. .. change between all participating particles on the basis of a
A very narrow distribution centered around the origin is hree-body interaction. Thus, the observed pattern clearly
obtained for the projectile ion demonstrating again the wealgemonstrates the importance of the three-body momentum
momentum exchange between projectile and target nucleugychange. It also shows, however, that the kinematics of
Helium single ionization is dominated by small-angle scat-ingle jonization by fast heavy-ion impact is dominated by
tering of the projectile which is deflected almost isotropically gjectronic dipole transitions where the recoil-ion electron
with respect to the recoiling target nucleus. Moreover, withyyo_hody interaction dominates the three-body momentum
finite probability negative scattering angles occur and theexchange.
projectile is scattered to the recoil-ion side p, direction. Many of the discussed features, such as the small momen-
Within the experimental resolution for the projectile momen-y,m |oss of the projectile, the preferred back to back emis-
tum change of aboup, ~=0.1 a.u. corresponding 10 & sjon of the recoil ion and electron, and the fact that the ob-
polar scattering angle resolution af¢h,~ 57 nrad no sig-  served momenta compare well to the internal momenta of the
nificant shift of the center of the projectile scattering distri- t3rget atom, are inherently included in the simple picture
bution towards the recoil-ion side can be observed. where ionization is the result of the interaction with the
A quite different behavior is obtained for the ejected elec-equjvalent photon field of the passing projectile ion. Al-
tron to be emitted preferentially into the opposite direction ofinough the Weizazker-Williams formalism and the first-
the recoil ion[Fig. 10b)]. Thus, we again observe a strong grder Born approximation fail in reproducing, e.g., the total
linkage between recoil ion and electron but, on the othegygss section for the present collision system since they are
hand, there is almost no azimuthal angular correlation beygjig only in the limit of high velocities(at largev,, and
tween the projectile and the ionic target fragments. This ismall perturbations both formulations are identicétie as-
illuminated by plotting the electron momentum distribution symption that dipole excitations contribute mainly to ioniza-

projected onto the azimuthal plane with respect to the Scatjon s still valid in the present regime of fast collisions with
tered projectile in Fig. 1@). Only a weak correlation is ob- |arge perturbation strengths.

served such that the electrons slightly tend to be scattered
opposite to the projectile. For a better comparison these re-
sults are compiled in the polar diagrams of Fig. 11 showing
the corresponding angular distributions for the azimuthal We have performed a kinematically complete experiment
angles between all ejected reactants. for single ionization of helium by charged particle impact
Exploring the characteristics of the three-particle momenwusing advanced many particle detection techniques. The full
tum exchange in even more detall, it is instructive to plot themomentum vectors of all participating reactants were mea-
azimuthal angle between recoil ion and electign versus  sured with high resolution and the dynamics of helium single
the angle enclosed by recoil ion and projectilg calculated ionization by fast heavy ions was explored. The results of
for each single eventFig. 12. In this representation the our work are manyfold.
different collision mechanisms contributing to target single First, a fast highly charged projectile is an extremely
ionization can be separated in a simple and illustrative man“soft” and ‘“sensitive” tool to ionize the target. It merely
ner since the dominance of any possible two-body interactransfers momentum to the target electrons, acting very much
tion can be assigned to specific regions in this plot. For thdike a photon field. Moreover, since no momentum or energy
occurrence of a direct nucleus-nucleus interaction, where thexchange between the two electrons is required to obtain
electron takes up the part of a spectator, recoil ion and prodouble ionization the final two electron momentum distribu-

V. CONCLUSIONS

h . % [ . jectrsﬂ
L FIG. 11. The angular distributions between
ot ooioO“:x__ AR the three outgoing particles in the azimuthal
C% ; k B plane perpendicular to the initial projectile direc-
L —— o W SS ......... w00 2700 : gpe tion. Polar representation of the singly differen-

projects tial cross section as function of the azimuthal
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T projectite vectors of the specified particles.
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FIG. 12. (Colon The azimuthal angle between recoil ion and electron plotted vs that between recoil ion and projectile. Indicated are the
kinematical lines assuming the specified two-body interactions and considering the third particle as a §peetétgt The region below
the diagonal line is forbidden because of simple kinematical reasons.

tions have been demonstrated to be a sensitive probe of theerently including all the interactions among the patrticles,
(e-e) correlation in the ground state as well as during thecorrectly describe the continuum.
collision [44]. Third, the attempt to separate the many particle problem
Second, the strong and long-ranging potential of the outinto several two-body interactions shows that for the present
going projectile ion causes a considerable forward-backwardollision system the strongest correlation occurs between the
asymmetry of the recoil ion and electron. The asymmetry ofecoil ion and the electron and not, as might be expected,
the electron emission which has been discussed before etween the recoil ion and the projectile via nuclear Cou-
found to be twofold: In addition to being scattered forwardlomb deflection. Thus, and very importantly, it is definitely
the electrons are emitted opposite to the recoil ion in thempossible for the major part of all collisions resulting in
scattering plane. One can easily show that, for the presemingle ionization to extract the impact parameter from the
situation, all particles strongly interact in the continuum,observable quantities. This has been demonstrated before for
which is an ideal situation to investigate the three-body Couproton on helium singly ionizing collisions at energies be-
lomb continuum. As expected, semiclassical calculations intween 0.5 MeV[18] and 3.0 MeV[16,56), i.e., at consider-
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ably smaller perturbations. As far as theories are concernetias been already performéd4] and further results will be
many particle interactions between the electrons and the nyublished soon. They certainly will be followed by more
clei have to be incorporated and the impact-parameter forinvestigations using protons or electrons as projectiles, as is
mulation using a classical trajectory in ttgcreenefipoten-  summarized in an upcoming review on the field of recoil-ion
tial of the target is not adequate for the present situationmomentum spectroscog3].
Recent experiments and calculatid23] show that such an Recently similar experiments have been performed using
approximation may be partly applicable for single ionization1 GeV/u " projectiles from the SISheavy-ion synchro-
at very low projectile velocities comparable to orbital veloc-tron) at GSI extending the investigations to the highest pos-
ity of outer-shell electrons. sible perturbation in the high velocity limiThe results will
Fourth, the comparisons with results obtained frombe published separately in a forthcoming pap&hen, on
CTMC calculations demonstrate that this semiclassicabne hand, relativistic effects become important and espe-
model is reliably applicable in the present regime of highcially the magnetic interaction of the relativistic projectile
perturbations. In spite of the approximative description ofwith the target might be strong enough to considerably
bound many electron atomic stat@s:tually this is also true modify the collision dynamics. At the same time, the modi-
for all quantal calculations on bound many electron sjdtes fication of the electron spectra by the final-state interaction
clearly predicts the underlying collision dynamics and allowswith the receding projectile will be reduced by at least a
the extraction of highly differential cross sections. It is thefactor of 5, so that the mapping of the correlated motion of
only model available that includes many particle interactionghe electrons from the initial to the final state is expected to
and the coupling between electronic and nuclear motion in &e less influenced by PCI.
consistent way. The inclusion of the fule{e) interaction We would like to emphasize that fast GeV/u highly
during the collision and in the final state was shown to becharged ions are a unique, unsurpassed source of light deliv-
essential to come to a reasonable agreement with experimeering attosecond (1I0°sec), exawatt/ci (108 W/cn?),

tal data in the case of double ionizatipf]. and broadband pulses of virtual photons. These features have
been exploited in nuclear physics to investigate nuclear
VI. FUTURE PERSPECTIVES structure(halo nuclei, giant resonances, ¢t€ombined with

kinematically complete experiments on doulmultiple)

~ Since several other experimental groups are now Usingynization this reveals an “attosecond microscope” for the
similar techniques, in the near future many new experimentg,yestigation of the correlated many-electron motion within

will be performed over the wide range of projectile energiesyarts of typical revolution times in bound states. In addition,
available at different accelerator facilities. As will be de- molecules, clusters, or even solids can be used as targets.

tailed in a subsequent theoretical paper the characteristics qh,5, one might envisage that this method will become a
the three-body collision dynamics undergo dramatic changesiandard technique for the investigation of bound-state

as a function ob, andq, . Regimes are found where any of yany-electron correlations in atoms, molecules, clusters, and
the mutual two-body interactions dominate the three-particlegjigs.

momentum exchange as well as “true” three-body situations

are present. A fIavor' of the rich variety to be gxpectt_ad can be ACKNOWLEDGMENTS
obtained by comparing the present results with a similar ex-
periment for 5—15 keV proton impact on heligi7]. There- This work was supported by GSI, DFG, and BMFT. We

fore, it would be most desirable that full three-particle would like to thank our colleagues and friends A. Cassimi,
guantum-mechanical calculations are developed in the ne#@. L. Cocke, R. Daner, S. Hagmann, M. Horbatsch, O. Jag-
future giving consistent results over the whole range of perutzki, S. Keller, R. Mann, V. Mergel, and L. Spielberger for
turbations. many stimulating discussions. The excellent work of the

Even more, applying our experimental technique, it is toUNILAC crew of GSI for providing the ion beam and the
be expected that the complete momentum vectors of up ttechnical support by A. Bardonner are acknowledged. The
five continuum electrons emerging from a collision can beauthors would like to thank the Alexander von Humboldt
determined simultaneously in the near future. The first kineStiftung for their support and acknowledge the financial sup-
matically complete experiment on helium double ionizationport of NATO.

[1] M. E. Rudd, Y. Kim, D. H. Madison, and T. J. Gay, Rev. Mod. [5] S. Suaez, C. Garibotti, W. Meckbach, and G. Bernardi, Phys.

Phys.64, 441(1992. Rev. Lett.70, 418(1993.
[2] H. Platten, G. Schiwietz, T. Schneider, D. Schneider, W. Zeitz, [6] N. Stolterfoht, R. D. DuBois, and R. D. Rivarola, Rev. Mod.
K. Musiol, T. J. M. Zouros, R. Kowallik, and N. Stolterfoht, in Phys.(to be published

Fifteenth International Conference on the Physics of Elec- [7] G. Kraft, Nucl. Sci. Appl.3, 1 (1987.
tronic and Atomic Collisions, Abstragtedited by J. Geddes [8] R. Moshammer, J. Ullrich, M. Unverzagt, W. Schmitt, P. Jar-

et al. (University Press, Brighton, 1987 din, R. E. Olson, R. Mann, R. Doer, V. Mergel, U. Buck, and
[3] L. C. Tribedi, P. Richard, Y. D. Wang, C. D. Lin, and R. E. H. Schmidt-Baking, Phys. Rev. Lett73, 3371(1994.

Olson, Phys. Rev. Letf77, 3767(1996. [9] O. Schwarzkopf, B. Krssig, J. Elminger, and V. Schmidt,
[4] 1. E. McCarthy and E. Weigold, Rep. Prog. Phys!, 789 Phys. Rev. Lett70, 3008(1993.

(1991 [10] W. T. Htwe, T. Vajnai, M. Bernhart, A. D. Gaus, and M.



56 COMPLETE MOMENTUM BALANCE FOR SINGIE . .. 1363

Schulz, Phys. Rev. Let#3, 1348(1995. [31] U. Fukuda, I. Shimamura, L. Vegh, and T. Watanabe, Phys.
[11] H. Schane, R. Schuch, S. Datz, M. Schulz, P. F. Dittner, J. P. Rev. A 44, 1565(199)).

Giese, Q. C. Kessel, H. F. Krause, P. D. Miller, and C. R.[32] A. Salin, J. Phys. B4, 3211(199)).

Vane, Phys. Rev. A1, 324(1995. [33] X. Fang and J. F. Reading, Nucl. Instrum. Methods Phys. Res.
[12] R. Schuch, H. Sche, P. D. Miller, H. F. Krause, P. F. Ditt- B 53, 453(199).

ner, S. Datz, and R. E. Olson, Phys. Rev. L&.925(1988. [34] S. Y. Ovchinnikov and J. H. Macek, Phys. Rev. L&, 2474
[13] G. Schiwietz, B. Skogvall, J. Tanis, and D. Schneider, Phys. (1995. .

Rev. A 38, 5552(1988. [35] D. R. Schultz, P. S. KrstjcC. O. Reinhold, and J. C. Wells,

[14] S. Kelbch, C. L. Cocke, S. Hagmann, M. Horbatsch, C. Phys. Rev. Lett76, 2882(1996. _
Kelbch, R. Koch, H. Schmidt-Brking, and J. Ullrich, J. Phys. [36] M- Chassid and M. Horbatsch, J. Phys(tB be publishey
B 22 1’277(1985 ' ' [37] N. Stolterfoht, H. Platten, G. Schiwietz, D. Schneider, L. Gu-

[15] V. Frohne, S. Cheng, R. Ali, M. Raphaeilian, C. L. Cocke, and lyas, P. D. Fainstein, and A. Salin, Phys. Rev.58 3796

(1995.
[16] 2 Ié'e(r?lssr;)ghtzvyj Ei\r/i'cheily SzzflgRgaE' olson. K. Ull [38] P. Jardin, A. Cassimi, J. P. Grandin, D. Hennecart, and J. P.

Lemoigne, Nucl. Instrum. Methods Phys. Res.1B7, 41

mann, E. Forberich, S. Lencinas, and H. SchmidciBag, (1996.

Phy§: Rev. Ad45, 4572(1992. _ _ [39] M. Unverzagt, R. Moshammer, W. Schmitt, R. E. Olson, P.
[17] R. Darner, J. Ullrich, H. Schmidt-Beking, and R. E. Olson, Jardin, V. Mergel, J. Ullrich, and H. Schmidt-Bking, Phys.

Phys. Rev. Lett63, 147 (1989. Rev. Lett.76, 1043(1996.

[18] S. Lencinas, J. Ullrich, R. Daer, R. E. Olson, W. Wolff, L. [40] 3. H. McGuire, A. Miler, B. Schuch, W. Groh, and E.
Spielberger, S. Hagmann, M. Horbatsch, C. L. Cocke, and H. Salzborn, Phys. Rev. &5, 2479(1987).
Schmidt-Baking, J. Phys. B6, 287(1993. [41] A. Salin, Phys. Rev. /36, 5471(1987.

[19] P. Jardin, A. Cassimi, J. P. Grandin, H. Rothard, J. P. Lemoi{42] V. D. Rodriguez, Y. D. Wang, and C. D. Lin, J. Phys.28B,
gne, D. Hennecart, X. Husson, and A. Lepoutre, Nucl. Instrum. L471 (1995.

Methods Phys. Res. B8, 363(1995. [43] V. J. Montemayor and G. Schiwietz, Phys. Rev48, 6223
[20] J. Ullrich, R. Daner, V. Mergel, O. Jagutzki, L. Spielberger, (1989.
and H. Schmidt-Boking, Comments At. Mol. Phys30, 285 [44] R. Moshammer, J. Ullrich, H. Kollmus, W. Schmitt, M. Un-
(1994. verzagt, O. Jagutzki, V. Mergel, H. Schmidi-@dng, C. J.
[21] V. Mergel, R. Daner, J. Ullrich, O. Jagutzki, S. Lencinas, S. Wood, and R. E. Olson, Phys. Rev. L€et#, 1242(1996.
Nuttgens, L. Spielberger, M. Unverzagt, C. L. Cocke, R. E.[45] H. Kollmus, W. Schmitt, R. Moshammer, M. Unverzagt, and J.
Olson, M. Schulz, U. Buck, E. Zanger, W. Theisinger, M. Ullrich, Nucl. Instrum. Methods Phys. Res.1R4, 377(1997).
Isser, S. Geis, and H. Schmidi-Bdng, Phys. Rev. Lett74, [46] S. Sobottka and M. Williams, IEEE Trans. Nucl. S8b, 1
2200(1995. (1980.
[22] A. Cassimi, S. Duponchel, X. Flechard, P. Jardin, P. Sportais[47] S. Schippers, R. Hoekstra, R. Morgenstern, and R. E. Olson, J.
D. Hennecart, and R. E. Olson, Phys. Rev. L&, 3679 Phys. B29, 2819(1996.
(1996. [48] Y. D. Wang, V. D. Rodriguez, C. D. Lin, C. L. Cocke, S.
[23] J. Ullrich, R. Moshammer, R. Daer, O. Jagutzki, V. Mergel, Kravis, M. Abdallah, and R. Dmer, J. Phys. A53, 3278
H. Schmidt-Baking, and L. Spielberger, J. Phys. @ be (1996.
published. [49] H. Berget al,, J. Phys. B25, 3655(1992.
[24] R. Moshammer, M. Unverzagt, W. Schmitt, J. Ullrich, and H. [50] E. J. Williams, Phys. Rewv5, 729(1934); J. D. JacksonClas-
Schmidt-Baking, Nucl. Instrum. Methods Phys. Res.1B§, sical Electrodynamic$Wiley, New York, 1975.
425 (1996. [51] C. J. Wood and R. E. Olson, J. Phys2B, L257 (1996.
[25] M. Pieksma, S. Y. Ovchinnikov, J. van Eck, W. B. Wester- [52] D. S. F. Crothers and M. McCartney, Comput. Phys. Commun.
wald, and A. Niehaus, Phys. Rev. Lef, 46 (1994. 72, 288(1992.
[26] S. D. Kravis, M. A. Abdallah, C. L. Cocke, C. D. Lin, M. [53]J. O. P. Pedersen, P. Hvelplund, A. G. Petersen, and P. D.
Stackli, B. Walch, Y. D. Wang, R. E. Olson, V. D. Rodriguez, Fainstein, J. Phys. B4, 4001(1992).
W. Wu, M. Pieksma, and N. Watanabe, Phys. Re%4A1394 [54] M. Horbatsch, Phys. Lett. A37, 466 (1989.
(1996. [55] F. D. Covalecchia, W. Cravero, and C. R. Garibotti, Phys. Rev.
[27] R. Darner, H. Khemliche, M. H. Prior, C. L. Cocke, J. A. A 52, 3737(1995.
Gary, R. E. Olson, V. Mergel, J. Ullrich, and H. Schmidt- [56] E. Y. Kumber, C. L. Cocke, S. Cheng, and S. L. Varghese,
Bocking, Phys. Rev. Lett77, 4520(1996. Phys. Rev. Lett60, 2026(1988.
[28] P. D. Fainstein, V. H. Ponce, and R. D. Rivarola, J. Phys. B[57] R. Darner, V. Mergel, L. Spielberger, M. Achler, Kh. Khayyat,
24, 3091(199)). T. Vogt, H. Braning, O. Jagutzki, T. Weber, J.
[29] M. Horbatsch and R. M. Dreizler, Phys. Lett13A 251 Ullrich, R. Moshammer, M. Unverzagt, W. Schmitt, H. Khem-
(1985. liche, M. Prior, C. L. Cocke, J. Feagin, R. E. Olson, and H.
[30] R. E. Olson, J. Ullrich, and H. Schmidt-Bking, Phys. Rev. A Schmidt-Baking, Nucl. Instrum. Methods Phys. Res.1R4,

39, 5572(1989. 225(1997.



