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Three-body coupling in electron-hydrogen ionizing collisions
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In this work a method is established for isolating effects due to single or successive two-body scatterings
from those arising from three-body coupling in a three-particle Coulomb system above the complete breakup
threshold. It is shown that three-body interactions decide the weighting of individual scattering amplitudes, and
hence, determined the interference pattern of these amplitudes. In addition, the method is applied to the
analysis of low-energy, electron-impact ionization of atomic hydrogen in the coplanar asymmetric energy-
sharing kinematic. The ionization dynamic leading to the measured cross section is unraveled. It is demon-
strated that, unlike the situation at higher energies, at low incident energies the cross section is largely decided
by interferences indicating a strong three-body couplj§d.050-294{®@7)01501-1

PACS numbes): 34.80.Dp, 34.10tx

It is well established that single or successive two-bodytially by sequential two-body interactions. At lower impact
(classical collisions lead, under certain circumstances, toenergies, the backscattering peak is considerably enhanced.
identifiable structures in the cross section in various channel Ref.[15] it has been shown that adding ad hocinitial-
of the few-body Coulomb scattering reactif-9]. On the  state polarization potential results in an enhanced back-
contrary, the manifestation of three-body coupling is muchscattering peak. At lower excess energies the electron-impact
less understood. This is partly due to the fact that, unlike théonization of atomic hydrogen has been theoretically and ex-
situation for isolated two-body systems, a rigorous introducPerimentally investigated exclusively in the equal-energy
tion of interactions governing three-body couplings is notsharing geometry.
obvious. It is the aim of this work to systematically introduce  In this work we present a theoretical analysis of electron-
three-body coupling and to provide a scheme for disentanimpact ionization of atomic hydrogen in coplanar asymmet-
gling effects originating from three-body interactions from ric energy-sharing kinematic at an excess energy as low as
those essentially due to two-body interactions. The theory i43.6 €V. Surprisingly, the measured angular distribution of
applied to the analysis of electron-impact ionization ofthe slow electrons resembles the case of high incident en-
atomic hydrogen. The latter scattering system has been irf2rgy, i.e., a binary plus recoil peaks structure. This could
vestigated in a variety of experimental arrangements. Eacl§ad to the conclusion thdtlassical sequential two-body-
collision geometry highlights certain aspects of the ioniza-collision processes, as described above, are the dominant
tion dynamics. For moderate and high incident velocitiegOnization mechanisms. In other words, three-body coupling
(with respect to the Bohr velocity of the initially bound elec- is marginal in this situation. As shown below, however, this
tron), the ionization process has been thoroughly investibehavior of the measured cross section is illusionary as
gated[10-12,§. In the coplanar asymmetric energy_sharingthree-body coupling largely determines the observed cross
kinematic the incident direction lies in the plane spanned bysection. Their manifestation, however, resembles effects
the vector momenta of the outgoing electrons which emergériginating from two-particle interactions. To establish this
with significantly different energies. In this case the domi-conclusion and to isolate three-body effects from two-body
nant ionization mechanisms are well understézet Ref[g]  effects, we develop a cluster model of a general three-body
for a review. A major feature of the cross section ibimary Coulomb scattering reaction in which the three-particle sys-
peakoriginating from a single-binary electron-projectile en- tem is broken down into three, noninteracting two-body sub-
counter, and a less promineretcoil peakwhich is assigned ~Systems which are subsequently coupled to each other. The
to a second-order process in which the atomic electron, afteftrength of the latter coupling determines the extent of the
being hit by the projectile, recoils off the nucleus via initial three-body effect. To achieve this we reformulate the three-
binding. Although interference between different scattering?0dy time-independent Scldinger equation with outgoing-
amplitudes affects heights and positions of these pgels =~ Wwave boundary conditions in the set of coordinates:
these structures are manifestationgs#quentigl two-body

interactions. {&e=rij+kijrij ém=rij}
In the coplanar doubly symmetric geometry in which the o
incident direction bisects the mutual emission angle of the €ijk 7 0;)>i,ke[1,3];me[4,6]. 1)

two equal-energy electrons, a new structure in the cross sec- "

tion arises at backscattering directions where the two eledn Eg. (1) kj; denotes the directions of the momerikg,
trons escape perpendicular to each other. The appearanceasijugate to the interparticle distanags. It has been shown
this peak is due to a double-scattering Thomas process whei Ref.[16] that the three-body Hamiltonidd, expressed in
the projectile collides with the atomic electron after recoilingthe coordinate systenil), splits into two parametrically
off the nucleus(14]. The latter process is described essen-coupled differential operators; an operatég _ which is

1050-2947/97/54)/8004)/$10.00 55 800 © 1997 The American Physical Society



55 BRIEF REPORTS 801

differential in the coordinates,...; only and an operator For two electrons receding from the nucleus, which is the
differential in internal degrees of freedony ;j>i<[1,3].  final state of electron-impact ionization of atomic hydrogen,
An additional mixing term arises from the off-diagonal ele- the matrix elementsy;, which couple the three two-body
ments of the metric tensor. The decisive point is that thesubsystems to each other, are determined by requiring the
HamiltonianH,  is the sum of three commuting, two- wave function, given by Eq2), to be an exact eigenfunction

body Coulomb Hamiltonians, i.e., it is exactly separable in0f H (with eigenenergyE) on a five-dimensional closed
the coordinatesé, 5. Thus, within the approximation manifold defined by a constant asymptotically large hyper-

H~H, the three-body system is considered as the surf@dius[16]. In addition, we require that the wave function
1...37

of three spatially decoupled two-body Coulomb systems.\P must correctly describe the Wannier ionization modig]

. . : in which the two electrons escape outward on opposite sides
The ex regular eigenfunction iven I .
© exact regular eigenfunctio Hgl___3 at a given tota of, and equal distances from, the nucleus. Further, the Wan-

energyE has the explicit forn{16] nier threshold law for the dependence of the total cross sec-
tion on the excess energy at the complete fragmentation
V(é1,62,83)l(¢, 600 threshold should be reproduced when representing the final
state byW [18]. The explicit form of.4 determined in this
=Nexp(irj;-ki; +iR-Ky) way, hereafter denoted hyl®, is given in Ref[16,18. The
) ) important point for the present work is that by comparing
X1F1(iB24(£4.85.86), 1. 1Kast) results for observable quantities calculated in case A°
X 1F1( B1a( €4, €5, E6), 1~ KqaEy) and.A=1we can immediately deduce the influence of three-
body coupling.
X1F1( 81 €4,€5.86),1,— 1K12€3). 2 The first example is given in Fig. 1 for the electron-

impact ionization of atomic hydrogen in the coplanar asym-
In Eq. (2) the coordinateR, refers to the particle K” with metric kinematic at moderate incident energies. As men-
respect to the center of mass of the paifj™ while K,  tioned above, structures observed in the cross se(fign 1)
designates the momentum conjugate to this coordinate. Thare attributed tqsuccessivetwo-body interactions. Hence,

Sommerfeld parameteys; are given by three-body coupling is expected to be weak in this geometry
7. .
Bu=—”(i’“)“", me[4,6], &) r—

ij

where the reduced mass of the pairj™ is denoted by
wij - The parametric dependence Idglm3 on the internal

coordinates is reflected by the product chaiggéé,,) being
allowed to be functions of the internal coordinatés. g
under the constraint that these functions do not alter the of
Schralinger equation. This additional freedom allows the in-
troduction of three-body coupling, i.e., coupling of each two-
body Coulomb subsystem to the third-charged continuum
particle. Thus we assume that the interaction between two ro

continuum particles depends not only on their mutual Cou- P
lomb interaction but on the strength of coupling to the third / \
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particles “i” and “ j” and the 3X3 matrix.4 with elements
aj(£4...) describes the amount of three-body coupling. The FIG. 1. The triply differential cross sectiofDCS for the
matrix elements a; are subject to the constraint electron-impact ionization of atomic hydrogen in the coplanar,

>3 18] = 1 which ensures the invariance HE . and thus asymmetric energy-sharing geometry. The incident energy is
thJ total HamiltoniarH under the t f 1“t'.3 . b 150 eV. The fast scattered electron is detected at an angle®of 10
€ tota’ Hamiitoniaiti under the transformation given by, respect to the incident direction, whereas the angular distribu-

Eq'. (4). The identity 'transformat|0[)4=l fqulI'Is'aII the. '€ tion of the secondary electron with fixed energy of 5 eV is mea-
quirements onA but it means that the couplin@ configu-  gyred. The emission angle of the latter electron with respect to the
ration spacgbetween the two-body subsystems is neglectedincigent direction is denoted bgp,. The absolute experimental
Hence, three-body coupling is described by the off-diagonadiata full squares are taken from Ref.10]. The solid curve repre-
elements ofd. The above analysis applies for a general scatsents the results of the model employirg- A°® with the approxi-
tering system of three charged particles. The physical anghation that the total potential is conserved along the trajectories of
mathematical properties of individual three-body complexesree particles. Results of the model with=1 are also depicted
are contained in the matri®. (dashed curve
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FIG. 3. (a) For the geometry described in Fig(cRthe TDCS
has been calculated using the projectile-atomic-electron scattering
amplitude [To only. (b) Same as in@) but the projectile-nucleus
scattering amplitudeT) is employed instead of ..

which is confirmed by Fig. 1, although the precise absolute
value of the cross section is still sensitive to the interaction
details. As the incident energy is decreaf€igjs. 2a)—2(c)]

the situation changes dramatically. The theory which disre-
gards three-body coupling4=1) fails to predict the mea-
sured angular pattern whereas the three-body coupled model
which employs.A®, correctly reproduces the experimental

FIG. 2. (a) The same as in Fig. 1; however, the excess energy islata. Even though we can now immediately ded{mee
chosen as 13.6 eV. The ejected electron possesses an energy ofFigs. 2a)—2(c)] the effects of the two-body interactions be-

ing distorted by the presence of a third-charged continuum

eV. The faster electron is detected at a fixed anbje=16° with
respect to the incident directiofindicated by an arroyv Experi-
ments are courtesy of Reff21]. The positions of the binary and
recoil peaks are indicateth) The same as iffa) but ®,=23". (c)
The same as ifia) but ®,=30°. The experimental data i@)—(c)
are simultaneously normalized at one point to theory.

particle, at first glance, the structures prevailing in Figs.
2(a)—2(c) strongly resemble those originating from sequen-
tial two-particle collisions. This can be concluded if we con-
sider the two final-state electrons to propagate on the energy
shellE=13.6 eV and indicate the positions of tfeassical
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binary and recoil peakfFigs. 2a)—2(c)], which are essen- come to the conclusion that structures in the individual, in-
tially due to two-body interactionésee Fig. 1 These posi- coherent scattering amplitudes can still be traced to two-
tions almost coincide with the observed peaks in the crosBody scattering processes even at lower energies. The ob-
section. In particular, the shift in positions can be attributedserved cross sections, however, are determined by the
to the electron-electron final-state repulsion which pushes thiyterference pattern of these amplitudes which is decided by
secondary electron away from the forward-scattered electroghree-body coupling. This conclusion is consistent with the
resulting in a backward-squeezed angular distribution of theyitive physical picture that three-body interactions are

slower electron. more significant at low relative velocities of the collision

We are therefore confronted with the questions; how camy,ners whereas their effect is expected to decline at higher
three-body interactions result in structures which can be ing,. | cities since. as we have shown. in the former case inter-

terpreted in terms of two-particle scattering on t_he two'b.Odyference effects largely decide the calculated quantities. This
energy shell and how the observed cross sections are infl

Yheoretical study has been confirmed by further experimental

epced by three-body interactions? The calcula.tions shovyn IHata in a different kinematical arrangemgh®]. It should be
Figs. 4a) and 3b) help us answer these questions. We flrSt(_amphasized that the above analysis can be carried out for

remark that the direct-scattering amplitude provides the ma rhitrary (nonrelativistiy scattering reactions leading to

jor contribution to the spin-averaged cross section, i.e., th ree-charged particles above the complete dissociation
indistinguishability of the two electrons plays a minor role in threshold. The task lies, however, in determining the matrix

determining the shape of the angular distributi@ithough AC for the reaction under consideration
the spin asymmetry shows a rapid variatjds)). Upon in- In conclusion, a method for se aratin' effects due to two-
spection of the incoherent contributions of the individual : o parating

body interactions from those originating from three-body

scattering amplitudes, i.e., scattering from the nucfeuig coupling is proposed and applied to the analysis of electron-
[Fig. 3(b)] and scattering from the atomic electrg, [Fig. coupling IS prop app . y :
impact ionization of atomic hydrogen in the low-velocity,

3(a)] we can deduce that the peaks in the angular distribu'fior&0 lanar. asymmetric enerav-sharing kinematic. It has been
of Teny andT,. are largely decided by two-body interactions. b » asy gy 9 i

That means, the direct electron-electron scattering gives rissehOWn that three-body interactions largely decide the weight-

. e L . ing of individual scattering amplitudes, and hence, the inter-

:)c:otjr;ectﬁglﬁtjycIziikslcnadtg;litsg Igr;;?;?evc\:lizgse?r?etrr]gcgli:epcéalgerence pattern between these amplitudes. As this interfer-
L . . énce becomes less important at higher velocities the effect of

as seen in Fig. ®). The smaller binary and recoil peaks three-bodv counling declines in this region
observed in Fig. @) and Fig. 3a), respectively, are due to y pling gon.
successive two-body scatterings contained in the final-state | would like to thank Jochen Rier for communicating
wave functions. Although there are differences in the shapéis data prior to publication. | am grateful to John S. Briggs
of the scattering amplitudes within the models=.A° and  for many discussions on this subject. | also would like to
A=1, the decisive role of the three-body coupling is thethank Steve Buckman and Erich Weigold for helpful sugges-
different weighting of these individual amplitudes which tions and comments. This work was supported by the Alex-
leads to completely different interferen¢eompare Figs. ander von Humboldt Foundation and the Australian National
2(a)—2(c)]. Hence, from this and previous analy$&)] we  University.
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