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The four-body breakup of spatially aligned Dy 58.8 eV photons from the Advanced Light Source
has been investigated by measuring the three dimensional momentum vectors of both fragment ions and
one of the two electrons in coincidence. Energy and angular correlation between ions and electrons
is discussed. We find rotational symmetry of the electron angular distribution around the polarization
vector of the light and significant differences between helium apca® well as between molecular
alignment parallel and perpendicular to the polarization axis. [S0031-9007(98)08045-4]

PACS numbers: 33.80.Eh, 32.80.Fb

Ejection of both electrons from a bound two-electronmeasurements we have made for helium, the correspond-
system by a single photon is a remarkable consequendeg atomic two-electron system.
of electron-electron correlation. This subtle and funda- So far only a few experimental studies have investigated
mental process of double photoionization can be studiethis fundamental four-body problem. Kossmaatral. [4]
in the neutral two-electron systems helium and[D-3].  and Dujardinet al. [6] measured the angular distribution
The complete fragmentation of[provides a link between of the two nuclei without detecting the electrons. Koss-
atomic and molecular photoionization studies. Here thenannet al. [4] found close to threshold that the molecular
initial state is a simple molecular system, and the finabreakup perpendicular te is favored. The angular dis-
state is an unbound four-body Coulomb system with ndributions of two equal energy electrons averaged over all
molecular degrees of freedom. Unlike fragmentation ofmolecular alignments have recently been found to be simi-
more complex molecules, where the photoejection of atar in structure to those for helium [1-3]. In the only
electron is usually followed by molecular rearrangementheoretical study of differential cross sections for double
which eventually leads to fragmentation, double photoionphotoionization ofH,, Le Rouzo [7] predicts the electron
ization of D, leaves two bare ions in a mutually repulsive energy distribution to be significantly different from those
Coulomb potential. Thus detection of the momentum vecknown for double ionization of atomic targets [8,9]
tors of the two outgoing nuclei provides a direct image of We have used recoil ion momentum spectroscopy [10—
the spatial alignment of the two nuclear centers at the in12] to achieve simultaneous imaging of ion and electron
stant of double ionization [4,5]. momenta. A supersonic beam oRDs intersected with

In this work we have measured the direction and energyhe photon beam of beam line 9.0.1. at the Advanced
of the two ionic fragments in coincidence with the mo- Light Source at Lawrence Berkeley National Laboratory.
mentum vector of one of the two electrons fromdbuble  All ions and electrons created in the overlap volume of
ionization by linear polarized photo$; = 0.99 = 0.01)  the photon beam and the gas jet are guided by a static
atE, = 58.8 eV. At this energy, the two electrons share electric and a homogenous magnetic field [13] towards
about 7 eV. This provides the connection between théwo position-sensitive channel-plate detectors. Both ions
ionic and the electronic motion in the continuum. It showsand one of the two electrons are detected. All time of
the direction in which one electron emerges from the moleflights and positions are recorded in list mode. From
cule and how the available excess energy is shared betwe#hris information the vector momenta of the nuclei and the
the nuclear fragments and the electrons. Our spectromeiectron are calculated.
ter has at#r solid angle acceptance for ions and electrons. Figure 1(a) shows the momentum distribution of the
Thus we image the full momentum space of the nuclei andragment ions in the plane defined leyand the beam di-
one of the electrons. These data can be integrated oveection. The spectrum is integrated over all electron di-
any desired coordinate to obtain ion energy and angulaections and energies. The fragments emerge most likely
distributions as well as electron energy and angular distriperpendicular te. We find a beta parameter for the ions
butions with respect to the photon polarization axiand  of —0.6 = 0.05, which is in reasonable agreement with
the internuclear axis. They can be compared with similathe work of Kossmanmt al. [4]. From 58.8 eV of total

5776 0031-900798/81(26)/5776(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 26 PHYSICAL REVIEW LETTERS 28 BCEMBER 1998

phase space apparently moves the ionic energies towards

lower values, an effect already predicted by Le Rouzo [7].

: ‘F- -" The energy distribution of one of the two electrons, inte-

- grated over all nuclear energies and all electron and nu-

i 4 clear angles is shown in Fig. 1(e) [i.e., 1(e) is a projection

i J of 1(b) onto the vertical axis]. Unlike atomic photoion-

N @ ization the electron energy distribution has no sharp upper

" 5 % ) threshold since it is integrated over all nuclear energies.
ion momentum (a.u.) ion energy (eV) The full line shows the prediction of a model suggested by

LeRouzo [7]. This model invokes the axial recoil approxi-
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'éj | fons ol o gls }expe"mem:" @ mation [14] and thus takes the kinetic energy of the ions to
ol E | be equal to their (repulsive) equilibrium-separation poten-
z | z10f tial energy at the instant of double ionization. In addition,
g | | the model assumes no momentum is exchanged between
ST s| the heavy and light fragments. The double ionization
I ‘(55, - cross section at a given internuclear separation is assumed
ok - = Ll T to scale according to the two-electron Wannier threshold

ion energy (V) ion energy (eV) law proportionalE!%¢, whereE is the energy shared by

the two electrons. The form of the full line in Fig. 1(c)

‘TE - © ‘TEL is not very sensitive, however, to the actual exponent.
gw? £ With the additional assumption of a flat energy distribu-
g i g tion of one electron for fixed internuclear distance, analo-
2 | H gous to helium double photoionization [8,9], the model
31 etectrons osh predicts the electron energy distribution given by the full
[ total i line in Fig. 1(e). The ion-energy distributions for fixed

ol 0? energy of one electron are found to be in good agreement

0 s ene}'(g)y o 6 ) ergy (eg v_vith this simple model, too [Figs. 1(d) and l(f)].. T_hus we
_ S find a strong energy dependence between the ionic and the
FIG. 1. (a) Relative momenturky distribution of the D' glectronic motion. It can be understood, however, from a

ions following double photoionization of Dby 58.8 eV linear ; P : _
polarized light. The electric field vector is horizontal, the light simple application of energy conservation and the three

propagates in the vertical direction. The gap in the data is du@2dy Wannier threshold law without dynamical coupling
to the finite pulse pair resolution of our detector. (b) Energybetween electronic and ionic momenta, and thus does not

of one of the two electrons versus energy of one of theindicate a deviation from the axial recoil approximation.
nuclei. The full line indicates the maximum available electron Angular distributions of the fragments prove to be much

energy for a given jon energy. (C) lon energy distribution More sensitive probes of the details of the double ionization
integrated over all angles and electron energies. The ful

line shows the model discussed in the text, the dotted lin®rocess than energy distributions. It has been pointed
the reflection approximation of the ,Dground state. The out by several authors [14—17] and recently demonstrated
remaining discrepancy between the full line and the data isxperimentally for various molecules [18-21] that the
within the uncertainty of our momentum calibration. (d) lon gangular distribution of photoelectrons is a rich source of
energy distributiond”o /dE.dEy for fixed electron energies jytormation if the molecular axis is fixed in space. Fixed
(experiment). From right to left the electron energies are_. . .
0-4, 5-7, 7-8, 8-9, and 9-10 eV. (e) Electron energydlignment is expected to generally break the azimuthal
distribution integrated over all ionic energies. The full line Symmetry of the system aboet Elaborate electron-pair
shows the prediction of the model discussed in the textemission patterns, excluded for atomic photoionization
(f) Model prediction (see text); compare to (d). by parity- and exchange-symmetry requirements, become
possible. For single ionization ofHKaplan and Markin
photon energy, 27.1 eV can be shared as kinetic enerd2] have predicted a wave effect in the electron angular
among the four fragments. For the nuclei we find a nardistribution generated by the emission of the electron from
row energy distribution peaked around 9.4 eV [Fig. 1(c)].two identical centers, analogous to two-slit interference
This energy is slightly lower than what one would ob- (see also [23]). However, this effect is not expected to
tain from Coulomb repulsion if one instantaneously stripsbe particularly strong in the present experiment because
the two electrons from thé®, ground state [dashed line of the relatively low photon energies used, resulting in de
in Fig. 1(c)]. The reason for this becomes obvious fromBroglie wavelengths of the emitted electrons several times
Fig. 1(b), which shows the correlation between electronidarger than the initial internuclear separation.
and nuclear energy. The diagonal is the border given by We present electron angular distributions following full
energy conservation plus the fact that momentum consephotofragmentation of Pfor the two special alignments
vation requires both ions to have (almost) identical energyn which the molecular axis is parallel and perpendicular
(and opposite momenta). Thus the truncation in final statéo €. We use the spherical polar angle with respect
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to € and the corresponding azimuthal angle between axis of the plot. We find azimuthal symmetry arouad
the planes defined by and the molecular axis and even though the initial state is aligned.

and the electron momentum vector. Figures 2(a)—2(c) Because the double photoionization threshold lies some
show one-electron polar distributions for helium and for50 eV above the molecular ground state and well above
D, for parallel and perpendicular alignment. In all threethe four-body fragmentation threshold at 31.8 eV, we
cases the data are integrated over all azimuthal angles aadsume four-body saddle dynamics [24] to have little
all electron energies. The excess energy for the heliureffect on the photofragmentation observed here. We
measurement was 7 eV, comparable to that for the Al introduce instead a simpler description based on the
data have been measured with the same apparatus in thelium double ionization amplitude while recognizing
same beam time to reduce systematic errors. We estimagxcitation along the symmetry axes of the molecule. For
the remaining systematic error on tjgeparameter to be a given ion-axis (relative-momentum) alignmdnt at the
smaller thant0.1. Such errors would, however, influence instant of photoexcitation, we thus derive [25] a molecular
all B parameters presented in this paper in the same wagouble ionization amplitude

relative to each other, the systematic errors are muchy ) — o1 (1,2)€ - ko + gn(2,1) € - Koo

smaller. While the helium data show an almost isotropic

emission, the B data in the parallel configuration show + € - ky([g=(1,2) — gn(1,2)]ky - ke
electrons emitted predominantly aloeg The D, data for +[gs(2,1) — gn(2, DIky - Ke2),
parallel and perpendicular alignment differ significantly.

For the D data in the perpendicular configuration, the (1)

azimuthal symmetry abowt is broken by the alignment wherek,;—;, are the momenta of the ejected electrons
of the initial state. To search for a remnant of this align-and g.(i, j) functions of the electron energié%;, E;)
ment, we have plotted in Fig. 2(d) the azimuthal angulamnd the mutual momentum anglg, = cos 'k, - K.».
distribution of the electron in the plane perpendiculagto These functions are heliumlike amplitudes but general-
Here the molecular axis is fixed parallel to the horizontalized to include excitations parallet¥) and perpendicu-
lar (gr1) to ky [26]. Equation (1) reduces therefore
to the helium excitation amplitude gs = g = g. It
also becomes a form identical with the helium ampli-
2 @@9 tude when the photon electric field has a nonvanishing
component along only one of the symmetry axes of the
molecule: Whene || ky, only parallel excitation occurs
with ¢ = gs; when € L ky, only perpendicular excita-
tion occurs withg = gr;. This description thus predicts
azimuthal symmetry abowt in both limits even though

(b’ the symmetry is ostensibly broken in the latter limit in the
initial state. This result is thus consistent with the obser-
D, O vations presented in Fig. 2(d).
The square of the amplituggk y) is readily integrated
- over, say, k., to define the single-electron distribution
- d*c/dk.dky we have measured here. The result for

arbitrary ion-axis alignmentky is more complicated
than the familiar dipole excitation form, but reduces to
1 + B.(ky) P»(e - k,.) for pure parallel or perpendicular
excitations,ky || € or ky L €. The solid lines through

(€) * d *"%
FIG. 2. Polar representation of the angular distribution othe data in Figs. 2(b)-2(d) are fits based on this formula

one of the two photoelectrons from double pho'[oioniza'[ion'meQrated over all electron energies.

of helium at 7 eV excess energy and of RIso at about To check for an electron energy dependence of angular
7 eV excess energy [cf. Fig. 1(e)] (see text for definitiondistribution, we have plotte@, as a function of electron

of the angles). The data have been integrated over aknergyin Fig. 3. Integrating over all molecular alignment,
electron energies. (ajo/d cosd, for helium with € along 1o g” for D, is slightly larger than for helium. Our
the horizontal. The line shows a fit witl8, = 0 = 0.04. data for heli istent with all data f h
(b) do/d cosd, for D, with € along the horizontal and the ata 'or elium are Cor_]s's ent with a aa' rom o gr
molecular axis held fixed parallel te. The line shows a fit €xperiments taken at different photon energies and with
with 8, = 0.4 = 0.1. (c) Similar to (b) but for alignment of several theoretical predictions [8,9,27,28]. Figure 3(b)
the molecule perpendicular ¥ The data are integrated over showsg, for parallel and perpendicular alignment of the
all azimuthal angles. The line shows a fit wigy = 0.14 * b molecule. The lines in Fig. 3(b) show fits from a more

0.08. (d) do/dg, for D, with 70° < 9, < 110° (90° is the . e \
plane of the paper). The molecule is held fixed perpendiculaf€t@iled parametrization of Eq. (1) based on a Wannier

to €, which now points out of the paperThe full line is a description of the electron-pair wave function (see [25]).
circle to guide the eye. The amplitudesgs (i, j) and gri(i,j) were taken to be
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mains illusive. We are currently performing experiments
® D, (integrated over all orientations) () to measure the vector momenta of both nuclei and both
O He electrons in coincidence. More structure in the angular

distributions and a significant dependence with respect to
+ the molecular axis might be expected at higher photon en-
ergies where contributions from higher angular momenta
8 and interference effects may be more important.
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