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Double photoionization of He at 80 eV excess energy in the equal-energy-sharing condition
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The high flux of the gas-phase beamline at the Elettra storage ring, Ttiegte, and the efficiency of a
multicoincidence end station have been combined to measure the triple-differential cross §da€&h for
the double photoionizatiofDPI) of He at excess energi&=20 and 80 eV. The TDCS has been measured in
the equal-energy-sharing kinematics, in which the kinetic energies of the two photoelectrons areEgqual (
=E,=E/2). The experiments are compared with the predictions of a many-body Coulomb wave method and
a convergent close-coupling calculation. The symmetrized gerade amplitudes of (B&®hlextracted by the
experiments as well as by the two calculations have been fitted by a Gaussian function. The results support the
validity of the parametrization of the gerade amplitude via only one parameter, the full width at half maximum
%42, of the Gaussian function, up to 80 eV above threshold.
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The double photoionizatiofDPI) of He represents the three-body Coulomb problem; however, a universally appli-
archetype of the three-body probleftwo interacting elec- cable theory is still missing. Experimentally, at a fixed inci-
trons coupled to a positivetructurelessresidual ion. The  dent energy the TDCS can be measured under a variety of
complete characterization of the process implies the detedinematic conditiongchanging the energy sharing between
tion of the two photoelectrons in coincidence after energythe electrons and/or their angles of emisgidrhis results in
and angular selection. In such an experiment the triply dif-2 large body of data and hampers direct comparisons among
ferential cross sectiomd®o/dQ,dQ,dE, (TDCS), ie., a different sets of data and between experiment and theory.

cross section differential in the angles of emission of the two By dc?ﬁsidlerirt\g the tinvgriange Wi;hthre.spe.gt t? r%t.atti.on
photoelectrong); = (91, ¢;) and Q,=(9,,,) and in one around the electric-vector direction of the incident radiation

S ; e and the general properties of the spherical harmonics, the
Kinetic energy, IS measureo_l. The kinetic enefgy of the . TDCS can be separated into geometrical factors and dynami-
other electron is determined by energy conservatio

Ral parameterf7]. This leads to a form of the TDCS that in
hv-V(He")=E=E;+E,, whereV(He?*)=79.004 eV is N . o
the He double-ionization potentigl] and E is the excess the case of incident radiation that propagates along s

energy. In an alternative experimental approach the TDC%?St ;} gjél[yﬂllnearly polarized along the=ex axis can be
can also be obtained by detecting in coincidence thé"He

recoil ion and one of the two photoelectrons, as in ¢loe- dic

TRIMS method[2]. The value of the total DPI cross section m“|ag(E1,Ez,012)(003191+ cosd,)

for He

(=8.76x10 % and 3.83% 10 %! cn? at 20 and 80 eV above +ay(Eq,Ey, 91, (cosd;— cosd,)|?,
threshold, respectivel\8]), the need of an energetic and tun- 1)

able photon source, and the intrinsic difficulties of coinci-

dence experiments have hampered the measurements of tvhere ; and 9, are the angles of emission of the two

TDCS for a long time. The first experimental measuremenphotoelectrons with respect to and 9, is the angle be-

of the He TDCS was performed by Schwarzkagifal.[4] at  tween the directions of emission of the two photoelectrons.

E=20 eV in the equal-energy-sharing conditioB;&E,  The complex amplitudea, anda, are, respectively, sym-

=E/2). Since then several measurements have been reportagktric and antisymmetric relative to the exchang&pfand

in the literature(see Briggs and Schmidb] for a review of  E,. The 9, andE dependence of these amplitudes includes

the data up to 2000 and Kheifets and Bri@] for more  all the physical information on the dynamics of the process,

recent data On the theoretical side, considerable progress.e., the effects of the electron-electron and electron—

has been made in the last few years in the description of theesidual-ion interactions. Thus it is of considerable interest to
find a suitable representation of these amplitudes that may
facilitate comparisons across a variety of reaction kinematics

*Present address: Western Michigan University and Lawrenc¢6,8—10.
Berkeley National Laboratory, ALS Division, 1 Cyclotron Road MS  In the case of equal-energy-sharing experiments O;
7-222 Berkeley, CA 94720. thus the TDCS reduces to a simple form. Since the first mea-
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surements of the TDCS the symmetric amplitigg often  mining the 8 parameter of the photoelectron angular distri-
called in the literature the “correlation factor,” has been rep-bution of He(s) at the same kinetic energies. The overlap of

resented by a Gaussian function, the field of view of the analyzers was checked by a series of
photoemission measurements at different relative positions
agrexd —2In2(dq,— 180)2/1‘}5,2], (2 of the incident beam and the full spectrometer. Then the

efficiency correction derived from the noncoincidence mea-

where 94, is the correlation width. This form follows from surements was applied to the coincidence ones. The validity
the Wannier-type theorigd1,12] in which the angular varia- of this assumption was tested by measuring the coincidence
tion near the Wannier saddle decouples from the radial mayield at two positions of the larger turntable that allow over-
tion [13] and can be described by the ground-state wavdap of two nearby analyzers. Therefore all the experimental
function of a harmonic oscillator. These models are expectedata are internormalized and can be reported on the same
to be valid only at small excess energies. However, it turnedelative scale. This can be checked by observing that the
out that the Gaussian form may be used as a useful approx¢ame coincidence yield is measured for different configura-
mation to describe several experiments at higher excess etiens of the analyzers corresponding to the same kinematics
ergy[10]. More recently Kheifets and Brdy] supported the [for example(d9,=0° and ¥,=120°, 150°, and 180°and
validity of the Gaussian parametrization via a fully numeri- (4,=0°, 30°, and 60° and,=180°)].
cal calculation in the range of excess energy 3—80 eV. The experiments were performedlat=99 and 159 eV

The measurement of the TDCS in equal energy sharingsing the first harmonic of the undulator. The photoelectron
becomes increasingly difficult &sincreases. Indeed, the to- angular distribution of He(d) at these photon energies con-
tal DPI cross section rises from threshold up to its maximunfirmed that within the uncertainty of the measurements the
value atE=20 eV and then rapidly decread&3. Moreover, incident radiation is fully linearly polarized along theaxis.
the equal-energy-sharing kinematic condition corresponds tw/ith a photon flux of 1.4 10*2 photon/s(measured by an
the minimum of the energy distributiodo/dE; (see, for IRS photodiode placed behind the end statiand a residual
example, Fig. 7 if5]). By taking advantage of the high flux pressure in the chamber of aboukZ0™° Torr the coinci-
of the Gas-phase photoemission beamline at the Elettra stodence count rate &=80 eV was about 10 mHz per pair of
age ring and the efficiency of the multicoincidence end stadetectors and the true-to-random ratio always better than 10.
tion [14], we have measured the TDCS of He in the equal-The total acquisition time in the case of the measurements at
energy-sharing condition &=80 eV. These measurements E=80 eV was~13 h.
extend the studies of He DPI in equal energy sharing, so far The TDCSs measured Bt=20 and 80 eV are reported in
limited to E=60 eV[15], to a higher excess energy. Figs. 1@ and 1b), respectively. The experiments are com-

The gas-phase photoemission beamline and the end stpared with the predictions of the convergent close-coupling
tion have been described in detail elsewHd4,16,17. The  theory (CCCO) theory [22,23 and the three-body Coulomb
multicoincidence experimental chamber is equipped with terwave method including virtual stat€¥S-3C) [24,25.
electrostatic analyzers. Seven analyzers are mounted on a The CCC method is a fully numerical approach and relies
turntable that rotates in the plane perpendicular to the diremn intensive computation. For the final state it solves the
tion z of propagation of the incident radiation. The remaining Schralinger equation for the system of a photoelectron scat-
three analyzers are mounted on a smaller turntable at 0°, 30tgring on the H& ion by employing the close-coupling ex-
and 60°, respectively, with respect to the polarization vectopansion of the total wave function. The DPI results from the
€ of the light. electron-impact ionization of the Heion. The initial state is

In the present experiments the measurements were petepresented by a highly correlated Hylleraas-type wave func-
formed in the plane perpendicular to the direction of thetion. The CCC integrated DPI cross sections agree with the
incident beam. Each analyzer was operated with an energyxperiments over a broad energy rafgé|. The use of a
resolution of 0.3 and 1.2 eV &=20 and 80 eV, respec- highly correlated ground-state wave function ensures that the
tively, and with an angular acceptance ®8°. The coinci- results have insignificant dependence on the three gauges.
dence angular distributions are measured by selecting ele@herefore only the velocity gauge calculation is shown in
trons ejected at fixed directions with the three analyzers offigs. 1a and 1b).
the smaller turntable and for successive rotations of the In the VS-3C methodl25] the three-body Hilbert space is
larger turntable. Up to 21 coincidence pairs are obtained sisubdivided into two regions. In the “inner” or “short-range”
multaneously. In the following the electron measured at aegion in which the potential enerdy)) dominates over the
fixed direction will always be labeled “1.” Two sets of mea- kinetic energy(K), the two electrons occupy all the virtual
surements aE=20 and 80 eV were performed. Several re-states off the two-body energy shell, while conserving the
sults in equal-energy-sharing conditions have been reportetal energy. In the “far zone,” where the asymptotic regime
in the literature aE=20 eV[4,9,18-2]. Thus the measure- (K>U) is reached, the virtual states are matched smoothly
ment atE=20 eV was used as a benchmark for the behavioto the well-known 3C wave functiof24] to achieve correct
of the spectrometer. asymptotic behavior. For the initial state a correlated wave

The relative efficiency of the analyzers was calibrated viagfunction that fulfills the cusp condition has been adopted. In
the measurement of photoelectron angular distributions witkll cases considered so fa25], the VS-3C calculations
known B parametergNe(2p) and Ar(3p) at 10 and 40 eV turned out to be gauge dependent, but not as strongly as
above threshold, respectivgélgnd then confirmed by deter- when using the 3C model. In particular, the calculations per-
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TABLE I. The 94, values of the Gaussian function fitted to
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eV, respectively. An acceptable agreement between theories
and experiments in both shape and relative intensity is ob-
served for the three measured TDCS<£at20 eV. Similar
agreement is observed Bt 80 eV, although it appears that

a slightly different relative intensity is predicted by the two
theories whend; changes from 0° to 60°. In the top left
corner of each panel the experimental data are reported in
polar plots and compared with the results of a fit based on
the Gaussian ansal1,12 for the ag amplitude. For each
excess energy the fit to the full set of measured TDCSs de-
pends only on two parameters: a scaling factor and the cor-
relation width,,,, which appears in Eq2). The best val-
ues for the correlation widths are @3 and 124 for E

=20 and 80 eV, respectively. The value obtainedEat
=20eV is in good agreement with the results of previous
measurements collected in Table I. This rules out major ex-
perimental artifacts in the measurements of the present

The main information on the reaction mechanism and
many-electron correlations is contained in the amplitagle
The|ag|? extracted from the TDCSs calculated by the two
models are compared with the experimental ones and with
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FIG. 1. He TDCSs folE=20 eV, E;=E,=10 eV (a) andE
=80 eV,E;=E,=40 eV (b). The experimental TDCSs are com-
pared with the predictions of the CC@ashed lingsand VS-3C
(dotted ling models in the velocity form. In the top left corner of
each panel the experimental TDCSs are reported also in polar plot:
and compared with the results of the fit using Ef) with the
amplitude represented by the Gaussian function in(Eq.

correlation factor
>
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o
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T

formed with the VS-3C method the length and velocity form
differ mainly in magnitude, but less in shape. This is the case
for the results presented in this paper and hence we shov

E=20eV

correlation factor

only the cross sections evaluated in the velocity form. The
VS-3C calculations are in general in better agreement with

50 100
6, (degree)

E=80eV

50 100 150
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the experimental data than calculations based on the 3C gig. 2. lag|? extracted from the experimental data compared
wave function only. The latter are not presented here for theith the ones predicted by the CQ@ashed lingand VS-3C(dot-
sake of clarity of figures. Both the experiments and thewed ling models. The full line is the best fit to the experimental data
VS-3C calculation have been normalized to the CCC calcuof a Gaussian function witl#; ,= 90+ 3 and 12@ 4 for E=20 and

lation at¥,;=0° and¥,=240° and 265° aE=20 and 80

80 eV, respectively.
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TABLE II. The 1, values of the Gaussian function fitted to the comparison among experiments and theory more compact

present experimental data and to the theoretical amplitudes. and direct, and allows one to outline differences among the
theoretical predictions that may be hidden in the comparison
E of the TDCSs because of the modulation imposed by the
20 eV 80 eV kinematical factor.
- In conclusion, we have extended the measurements of the
Experiment 983 120=4 TDCS of He in equal-energy-sharing conditions up BEo

ccc 90.6 117 =80 eV. We have shown that an efficient comparison be-
VS-3C 103 108 tween experiment and theory can be achieved usinf

instead of the TDCS. Moreover, the Gaussian ansatz appears
to be a suitable representation of #aeamplitude up to this

the Gaussian functions that provide the best fit to the exper€nergy. This confirms the numerical results of Kheifets and
ments in Fig. 2. At the?;, values where multiple experimen- Bray [6]. The Gaussian representation of theamplitude is

tal determinations exist a weighted average has been calc-Very useful tool to reduce the comparison among different
lated and reported in Fig. 2. Only data relative €, experiments and experiments and theory to only one param-

<170° have been represented. The amplitudes extracted es,rét;hgivﬁltut?e (g)';’tg%' d(\a/ghtce)t?]ierhtgreegsgsgfe:]ﬁ G?/L\jﬁcselraénthe
the CCC calculations are in fair agreement with the experi- g g gy,

ments, while the ones derived by the VS-3C model seem tmot|on in the continuum of the two electrons is expected to

oredict a less correlated electron motionEat 20 eV and a Become less correlated, is still a matter of investigation.
more correlated one &=280 eV. This is clearly indicated This work was partially supported by the INFM Progetto
by the values ofY,,, obtained by a fit with a Gaussian func- Luce di Sincrotrone(Application No. GAPH002S01 The

tion to the theoretical amplitudes and reported in Table Il.authors are grateful to the staff of the gas-phase beamline at
These results show that the use of the amplitude makes ttgettra for their support.
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