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Appearance and disappearance of the second Born effects in ti{e,3e) reaction on He

A. Dorn! A. Kheifets? C. D. Schrter! C. Hohr! G. Sakhelashvilf, R. Moshammet,J. Lower? and J. Ullrich
IMax-Planck-Institut fu Kernphysik, Saupfercheckweg, Heidelberg, Germany
Research School of Physical Sciences and Engineering, Australian National University, Canberra ACT 0200, Australia
(Received 18 September 2002; published 23 July 2003

We demonstrate, both experimentally and theoretically, clear manifestation of the second Born effects in the
angular distributions of two ejected electrons produced by a 500 eV electron impact on the He atom in the
so-called é,3e) reaction. The second Born contribution, due to subsequent interaction of the projectile with the
target, is most prominent for glancing collisions with small momentum transfer. However, these effects are
absent for hard knock-out collisions with large momentum transfer.
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Complete fragmentation of the helium atom under elec-dence studies can now be performed for electron impact ion-
tron impact is one of the clearest examples of the Coulomlization of He[the (e,3e) reactior] [8—14]. In these experi-
four-body break-up process. Understanding of such proments, the energy of the projectile has varied from 5.5 keV
cesses still remains a challenging tdgk In conrast, a re- [8] down to 0.6 keM13,14. The latter is likely to be in the
lated but simpler process of He fragmentation under photoomain of the significant non-first-Born contributions. The
impact is much better understop@]. The double photoion- presence of higher-order Born effects was identified in Ref.
ization proceeds along the following two pathways, or pro-{13] and, more clearly, in Refl14]. Indeed, the experimental
cesses. In the “shake-off” process, simultaneous ejection ofesults of Ref[14] were completely inconsistent with a first
the second photoelectron takes place because the departBern calculation based on the convergent close-coupling
of the first electron suddenly changes the effective atomi¢CCC) theory[15]. The CCC model treated the interaction of
field. In the rescattering, or “two-step-one” process, the firstthe two ejected electrons exactly. Therefore, its deviation
ejected electron knocks the second electron on its way out dfom experiment could only be attributed to higher Born pro-
the atom. Relative contributions of these two processes deesses which were not included in this implementation of the
pend on the photon energy. As the photon energy increase§CC model. The authors of Rgfl4] also applied a second
the shake-off process becomes gradually dominant over thRorn model[16] based on the asymptotic three-body Cou-
two-step-one process. The signature of this take-over is themb wave functions, known in the literature as BBK. This
energy-independent ratio of the double-to-single photoionmodel, however, is inadequate for the description of the low
ization cross sections3]. incident energy €,3e) reaction as it gives inaccurate results

Physics is more complicated for double ionization by fastalready in the first Born terfil7]. Gaz et al. [18] extended
electron impact. In addition to the shake-off and two-stepthe BBK model to the four-particle continuum, thus incorpo-
one processes, there is the possibility of the projectile collidrating the first and higher Born terms. However, this exten-
ing with the target repeatedly, ejecting two electrons in sesion inherited all the problems of the BBK which were al-
guence (the so-called two-step-two procedd]). It is ready manifested clearly in the first Born term. In addition,
customary to consider this repeated interaction within perturthe calculated results were at variance with the experiment
bation theory and to label it as a higher-order Born processyy Lahmam-Bennaret al. [13]. Another theoretical attempt
as opposed to the first-order Born process in which the proto go beyond the first Born model was made by Berakdar
jectile interacts with the target only once. The perturbatiorf19], who employed an incremental approach to the four-
theory parameteZ/v is the ratio of the projectile charge to body Coulomb problem. The use of this method, however,
its velocity. For very small perturbations, double ionizationwas limited by numerical difficulties.
proceeds predominantly through processes involving a single In this paper, we employ a new set of experimental and
interaction of the projectile with only one target electron. Fortheoretical tools and present clear evidence of sequential
large perturbations, the dominant double ionization mechadouble ionization of He at 500 eV electron impact. In addi-
nism involves two independent interactions of the projectiletion, we observe a new, somewhat unexpected effect. Devia-
with both electrons. tion from the first Born regime depends strongly on the mo-

This separation of the first and higher Born regimes, i.ementum transfer from the projectile to the target. We
the crossover from single to multiple projectile-target inter-investigate two qualitatively different reaction kinematics,
action, is based on the analysis of the ratio of the double-toeorresponding to glancing incidence of the project#mall
single ionization cross sectiof§,6]. This ratio, however, is momentum transfer of 0.7—0.9 a.and heavy knock-out on
a fairly rough indicator of the relative contributions of dif- the target(large momentum transfer of 2 @.uAt glancing
ferent ionization mechanisms. In a recent study of the doubléncidence, the projectile bounces off the target and impinges
photoionization of H{7], a much more detailed separation on it again in a very strong deviation from the first Born
was achieved by investigating the angular and energy correegime. In stark contrast, for heavy knock-out collisions the
lations between two ejected photoelectrons, detected in timprojectile makes a very close encounter with the target, eject-
coincidencd the so-called {,2€) reactior]. Similar coinci- ing two electrons at once, with the first Born contribution
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becoming dominant. These two markedly different regimessulting in a total angular momentum transfer of O or 2 in the
are observed at the same impact energy of the projectile, i.esecond Born process. Restriction of the angular momentum
the same perturbatiod/v, which is at odds with the con- exchange allows us to perform an analytical angular integra-
ventional perturbation theory. We corroborate these experition over all the possible directions of the projectile between
mental findings by carrying out first and second Born calcuthe collisions with the target. This speeds up the computation
lations based on the CCC model. The second Borrconsiderably compared with fully numerical integration em-
implementation of the CCC theory is reported here for theployed in earlier second Born calculatiof3,24. As a test
first time, to our knowledge. of our second Born model, we calculated the fully differen-

The experiment was performed with the same combinedial cross section of a related process of the electron impact
multielectron recoil-ion spectrometer that has been used fdPnization of helium with simultaneous excitation to the ion
earlier high-energy experimenfd1,17. In brief, ions and n=2 state. We used the kinematics of the experiments of
slow electrons produced in the intersection point of the HeRefs. [25,26 for which the second Born results are well
target and a pulsed electron beam were extracted in opposigStablished23,24. The difference between our calculations
directions by means of static electric and magnetic fields angnd these test results did not exceed 20%.

detected by two position-sensitive multichannel-plate detec- gg applying thg firskt_ and second BO_”;} mode_ls to the
tors. From the measured positions and times of flight, th €,3¢) process and making comparison with experiment, we

momentum vectors of two slow electrokg and k., and the can clearly |der_1t|fy the.k|nemat|cs where .rep_)(_aated Interac-
recoiling ionkye2+ were determined. The kinematics of the tions of the projectile Wlt.h 'the target. are significant. An ex-
fast it dHeZI i I .th e, ample of such an analysis is shown in Fig. 1, where the fully
fgfrezcsyetrr?e secgftéfgc,j ?)?o}léitilgs fo”iwmggnrﬁnﬁomgi;umdifferential cross sectiofFDCS is presented for ejection of
conservationko— k,—q=ky + ke +kuez+» ko and k, being two equal energy electrorig,=E.=5 eV at a small momen-

the momentum vectors of the incoming and the scatterea_‘:/m transfer ofq=0.7-0.9 a.u. which is close to the kine-

projectile, respectively. The electron detector was equippe atical limit of q=0.55 a.u. We present our data by using
with a fast delay-line readout and a multihit time-to-digital o-dimensional2D) graphs in which the ejection angles of

converter. Whereas the complete final-state momentum s atwo electrons in the projectile scattering plane are plotted on
' P Pa%e axes and the cross section is coded by different shades of

is mapped for all ions, the detector dead-time results in ‘?]ray. The experimental cross section Figa)lconsists of

small _Io;s of the total momentum space for the second ele our main peaks. Both peaks in the upper left are equivalent
tron hitting the detector.

We performed the first and second Born calculations wit {0 the peaks in the lower right of the diagramarked A and
the same highly correlated ground-state wave function an ), since for symmetric energy sharing both ejected electrons

. ! : re interchangeable. The pattern of the experimental cross
CCC representation of the final state of the He atom with WO, tion is dominated by peak B, corresponding to one elec-
continuum electrons. The first Born model only allows a

) . i Y . . tron being emitted with an angle slightly larger than
single interaction of the projectile with the target. This model. o~ " _ o o 2=
has been described in detail in REL5]. The second Born 180° (9, =180°~210°) and the second electron going in the

model differs from these earlier calculations by allowing forward direction ¢.=0°). A second, much weaker peak A

ejection of the two electrons in two subsequent knOCk'OUtSI'eS|e%tt)rsoer:\/;;dsz;?gz ee:teiz\(/:érc;r;] elrgslttecl {{3%9,_%@ It:?:isecond
All the intermediate states of the target between two subse: 9 gles @f= | 9.

guent interactions with the projectile are weighted equallyl(b) we present the theoretical FDCS obtained within the

i : = 2 . first Born model. A similar calculation for a higher incident
with an average energy denominatbr=k;—k*, wherek is  gnergy of 2 keV was found in fair agreement with experi-

the momentum of the projectile between the collisiéti®  yant[11] with only a minor displacement of peak B. In the
so-called closure approximatid0]). We follow Ref.[21]  resent case, however, the first Born model fails completely.
and choose, somewhat arbitrarian:(kokl)l/z. Other  Neither the positions nor the relative heights of the experi-
choices according to Ref$22,23 were also tried but the mentally observed peaks are reproduced by the calculation.
second Born amplitude proved to be rather insensitiv&.to There are two underlying symmetries of the first Born FDCS
To simplify the second Born model further, we note thatwhich are violated strongly by the experimental data, thus
the Born amplitude decreases rapidly with the momentunindicating multiple projectile-target interaction. First, a di-
transfer and that, most likely, the projectile imparts a smallpole selection rule gives rise to a cross-section minimum for
amount of momentum in each encounter with the targetback-to-back emission of the ejected electrons at equal ener-
Therefore, we follow Ref{22] and restrict the interaction of gies. The corresponding angular combinations are marked by
the projectile with the target to the leading dipole term. Wedashed lines in Fig. 1. The first Born cross section in Fig.
note, however, that the decrease of the Born amplitude with(b) largely obeys this selection rule with only a small inten-
the momentum transfer is not rapid enough to substitute thsity for back-to-back emission with one electron going along
spherical Bessel function in the dipole Born operator by itsthe momentum transfer direction. On the contrary, the ex-
optical limit j,(qr)—qr/3, as attempted in Ref22]. Inthe  perimental cross section, which violates this selection rule
present second Born calculation, we treated the dipole operaaximally since peak B, the strongest feature of the ob-
tor j1(qr) fully. served pattern, corresponds to back-to-back emission of the
In each of the two dipole interactions, the projectile ex-ejected electrons. Assuming dipolar collisions to be most im-
changes one unit of angular momentum with the target, reportant, this can only be the result of at least two collisions
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- 10
- g both anglesé,, 6. with respect to the momentum transfer
¢ go] | 7 direction is characteristic of a single interaction of the pro-
6 jectile with the target. This invariance is maintained for the
- i first Born calculation[Fig. 1(b)]. In the experimen{Fig.
| 3 1(a)] the peak B, the dominant structure of the cross section,
2 violates strongly this symmetry with respect to the momen-
i 1 tum transfer direction. Only the relatively weak peak A
-90 S— WY SIS 0 obeys this symmetry. It lies perfectly on the off-diagonal line
90 45 0 45 960 135 180 225 270 (marked by the continuous linevhich indicates configura-
b tions where both electrons are emitted at equal angles but to

. . . ) _ opposite sides with respect to the momentum transfer direc-
oV FILGC j'l;‘;‘ifc;'gaﬂfﬁ:len“iﬁ:‘:f S:;tgfai,?oaogf‘t’ge‘r’gpecte é—i:n. It is obvious, therefore, from the shape of the experi-
planar. 99 y a u . ) ental FDCS and its relation to the first Born calculation,
electrons emission anglgg, and 6. relative to the primary beam L.
S . , _ that the second Born process is important for the present
forward direction.(a) Experimental cross section far=0.8+0.1 Kinematics

a.u. ande,=E.=5=x2 eV. The direction of the momentum transfer deed. includi h d . . h
q (04=45°) is marked by the black square in the diagram,; its size Indeed, including the second Born corrections into the

indicates the uncertainty in the direction gfresulting from the ~calculation[Fig. 1(c)] modifies the FDCS radically. Agree-
finite integration interval ofigl. The angular range which is not Ment with experiment is improved concerning the relative
affected by the detector dead-time is encircled by solid lifes.  intensity and the angular position of the peaks. The peak B is

First Born CCC calculation(c) Second Born CCC calculation. displaced away from the symmetry line, where it is located
in the first Born calculation, into the direction of the experi-

giving rise to monopole or quadrupole transitions for whichment, albeit not far enough to be in perfect agreement. As for

emission in opposite directions is allowed. the peak A, it is shifted to an angular position not accessible
Second, a clear signature of multiple projectile-target in-experimentally. Nevertheless, the tail of the peak A, which is

teractions is the broken symmetry of the experimental croswithin the experimental acceptance, is consistent with the

section with respect to the momentum transfer direction. Thexperimentally observed cross-section pattern.

invariance of the cross section for simultaneous inversion of In Fig. 2, we show the experiment@) and theoreticalb)
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FDCS for the same kinematics as in Fig. 1, butder2 a.u.  solely due to electron correlations in the target before and
As our second Born model is restricted to two lowdipole  after collision. In contrast, in the second Born process, ejec-
interactions, it is not applicable to the present kinematicstion of the two target electrons happens sequentially as a
However, there is no limitation to the first Born model. Ex- result of two subsequent knock-outs of the projectile on the
amining the experimental FDCS, we observe that the relativéarget. In general, both the first and second Born processes
peak intensities are largely maintained. On the other handontribute to double ionization of He at an incident energy of
peak B is more elongated in direction @f and it is shifted 500 eV. However, the second Born contribution is insignifi-
by more than 40° to larger values éf while the kinematical cant for ionizing collisions with a large momentum transfer.
shift of the q direction is only 20°. The resulting pattern is This is because the Born amplitude drops off quickly with
consistent with the FDCS being fully symmetric with respectincreasing momentum transfer, making two sequential colli-
to the momentum transfer direction. This becomes obviousions with large momentum transfer unlikely.

when making comparison with the first Born calculation, It is interesting to compare the role of the sequential pro-
which obtains strong peaks for emission of one electrorcesses in double and single electron impact ionization of He.
along the momentum transfer direction and the second goinbn single ionization, simplification of the reaction dynamics
in the opposite way. Within the angular limits of the detectorat largeq to a binary knock-out collision is well documented
acceptance, the calculation is in very good agreement with27]. It is exploited in electron momentum spectroscopy
the experiment. Despite the fact that peak B lies partiallfEMS) to extract the clearest information on the electronic
outside the experimental acceptance, a strong indication thatructure of the target which is not obscured by a compli-
it has the same elongation as the theoretical result is theated reaction mechanism. Outside the EMS regime, at very
observation of its tail fom,=—75°, 6.=120°. Thus, from large scattering angles and momentum trangfef. the sec-

the good agreement with the first Born calculation, it can beond Born effects may again become noticedBH. It is also
concluded that for the impulsive highkinematics, single well known that the generalized oscillator strengths for
binary collisions of the projectile with the target are the mainsingle ionization by electron impact at low momentum trans-
mechanism for two-electron ejection. fer converge towards the optical limi29]. In this sense,

In summary, we have investigated the relative contribuphotoionization can be viewed as a zero momentum transfer
tion of the first and second Born processes leading to thémit of electron-impact ionization. This is clearly not so for
double ionization of He by electron impact at 500 eV. In thethe double ionization as the electron impact ionization at low
first Born process, the projectile interacts with the target onlyg is very likely to be affected by higher-order Born processes
once and ejection of the two target electrons is possiblevhich are absent for double photoionization.

[1] J. Berakdar, A. Lahmam-Bennani, and C. D. Cappello, Phys[16] R. E. Mkhanter and C. D. Cappello, J. Phys3B 301(1998.

Rep374, 91 (2003. [17] A. S. Kheifetset al, J. Phys. B35, L15 (2002.
[2] J. S. Briggs and V. Schmidt, J. Phys.38, R1 (2000. [18] J. R. Gdz, M. Walter, and J. S. Briggs, J. Phys. 35, L77
[3] L. Spielbergeret al, Phys. Rev. Lett74, 4615(1995. (2003.
[4] J. H. McGuire Electron Correlation Dynamics in Atomic Col- [19] J. Berakdar, Phys. Rev. Le&5, 4036(2000.
lisions (Cambridge University Press, Cambridge, 1997 [20] H. R. J. Walters, Phys. Reft16, 1 (1984.
[5] M. Schulzet al, Phys. Rev. Lett84, 863 (2000. [21] R. H. G. Reid, K. Bartschat, and A. Raeker, J. Phy818563
[6] J. H. McGuireet al,, J. Phys. B28, 913 (1995. (1998.
[7] A. Knappet al, Phys. Rev. Lett89, 033004(2002. [22] A. Franz and P. L. Altick, J. Phys. B8, 4639(1995.
[8] I. Taouil et al, Phys. Rev. Lett81, 4600(1998. [23] P. J. Marchalant, C. T. Whelan, and H. R. J. Walters, J. Phys. B
[9] A. Dorn et al, Phys. Rev. Lett82, 2496(1999. 31, 1141(1998.
[10] A. Lahmam-Bennanét al,, J. Phys. B34, 3073(200J. [24] Y. Fang and K. Bartschat, J. Phys.3&, L19 (200J).
[11] A. Dorn et al, Phys. Rev. Lett86, 3755(2001). [25] C. Dupreet al, J. Phys. B25, 259(1992.
[12] A. Dorn et al, Phys. Rev. A65, 032709(2002. [26] L. Avaldi et al,, J. Phys. B31, 2981(1998.
[13] A. Lahmam-Bennani, A. Duguet, and S. Roussin, J. Phys. B27] I. McCarthy and E. Weigold, Rep. Prog. Phgd, 789(1991).
35, L59 (2002. [28] F. W. Byron, C. J. Joachain, and B. Piraux, J. Phy46BL769
[14] A. Lahmam-Bennanét al, Phys. Rev. A67, 010701(2003. (1983.
[15] A. S. Kheifetset al, J. Phys. B32, 5047(1999. [29] M. Inokuti, Rev. Mod. Phys43, 297 (1971).

012715-4



