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We measure fully differential cross sections for photo-double-ionization of helium at energies 1, 6, and
20 eV above threshold. The data have been obtained by measuring in coincidence the momentum vector of the
He?* ion and one of the electrons. Using time-of-flight and imaging techniques, we cover a solid angle of
25-100 % 4r of the final-state continuum of all particles. Therefore the experiment is not confined to any
particular set of angles or energy sharing, and allows for a reliable absolute calibration. We present momentum
distributions of the ions and a comprehensive set of differential cross sections for electron emission. The latter
areon an absolute scaland cover both equal and unequal energy sharing—for both the fast and the slow
electron fixed—and a wide range of polar angles. We also present the first data for noncoplanar geometry. For
all energies the cross section is sharply peaked around the coplanar emission, i.e., both electrons are prefer-
entially emitted in the plane of the recoiling ion and the photon polarization direction. For most of the
geometries the shape of the cross sections is well described by fourth-order Wannier theory calculations.
[S1050-294{@8)07802-0

PACS numbds): 32.80.Fb

I. INTRODUCTION The key issues in the extensive literature on He photo-
double-ionization can be grouped into three categofias:
Photo-double-ionization of helium is one of the simplestthe He ground state, or initial-state correlatidi); the three-
and hence most fundamental test cases for understanditigpdy Coulomb continuum; an@) bound-to-continuum tran-
many electron processes. It is in particular the dynamics o$ition mechanisms. These topics have been widely discussed,
many-particle systems, as opposed to energy eigenvaluesid even today remain far from closure. They have been
which are related to long time integrations, on which muchaddressed in two classes of experimefijaneasurements of
of the recent work has focused. Dynamical electron correlathe ratio R) of total double- and single-ionization cross sec-
tion, visible for example in transitions of electrons to thetions as a function of photon ener§§—20,5,3,2, and (ii)
continuum and momentum distributions in continuum statesdifferential measurements of either the angular and energy
is a rich puzzle that remains remarkably fragmented. Corredependence of one electr¢h9,21], or of both electrons in
lation effects determine the structure and evolution of ourcoincidence §,2e) [22—-29.
everyday world. They govern chemical reactions including Category(a). Long before the first ¢,2e) experiments
basic biological systems. With the availability of new experi-became technically feasible, such investigations were pro-
mental techniques, one now has the opportunity to studposed as a way to access the correlated atdB(¢ and
fully fundamental many-body effects such as photo-doublemolecular[31] ground-state wave functions. Up until the
ionization for the emergence of new phenomena at the trarpresent, highly sophisticated He wave functions have only
sition from single-particle to multiparticle excitation. been tested by the energy eigenvalues and decay rates they
In this paper we present absolute differential cross secyield. For two-electron systems there is no analog to the
tions for He photo-double-ionization by linearly polarized one-electron Compton profile as it is observed &2¢) or
light at 1, 6, and 20 eV above threshold for almost all polarCompton scattering experiments. Such an experiment would
and azimuthal electron-pair emission angles—coplanar antequire the determination of conditional probabilities, for ex-
noncoplanar geometries—and for a wide range of electroample the momentum distribution of one electron in the He
energy sharings. Our results have been obtained using colfbr a fixed momentum of the second electoorthe relative
target recoil-ion momentum spectroscogOLTRIMS). momentum between the two electrons in the bound state. It
(For a recent review, see Rdfl]; for applications of this was originally hoped that,2e) experiments might one day
technique to photoionization studies, see Rgfs5].) Afew  provide such information on bound states. This early goal
of the results of this experiment were presented in RBf.  has been mostly neglected in recent work gn2¢). It has,
however, been addressed directly in recent advanced studies
of double ionization by fast highly charged ion impact
*Electronic address: doerner@ikf.uni-frankfurt.de [32,33 and subsequent theoretical interpretatif®4)]. It is
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thus one of the goals of the present work to provide a comfunction of photon energy to the single-ionization cross sec-
plete He photo-double-ionization dataset on an absolutéon for electron impact, found by Samson and co-workers
scale, which might revitalize interest in the initial-state cor-[16,17]. This correspondence fails only at high energies,
relation. The connection between the measured final stat@here it is necessary to assume an additional contribution
and the initial state is, however, much more subtle than drom the shake-off mechanism.
Compton profile measurement, being masked by the transi- One might expect that differential cross sections would
tion process and the strong final-state correlafi8f—37.  show distinct structures which could be clearly attributed to
The role of the initial state will likely be revealed only by reaction mechanisms. This expectation is unfortunately over-
comparative theoretical studig38]. shadowed by the presence of nodes or approximate nodes in
In a fairly global fashion, initial-state correlation is ad- the angular distributions due to final-state symmetries that
dressed in the recent measurementR dfy photoabsorbtion place strong restrictions on the shape of the FDCS. In addi-
and by Compton scattering at asymptotically high energy. Ition, the effect of final-state correlations at low photon ener-
was shown already by Byron and Joachain in 1p89 that  gies seems to mask the signature of the ionization mecha-
at high photon energies the probability of ejection of thenism. Thus most investigations tended to explain the shape
second electron depends on the initial state only, and thaif the FDCS without explicit consideration of an ionization
final state correlation may be neglected. The asymptoticnechanism. However, Teng and Shakesha8] and Pont
value of R for photoabsorbtion and Compton scattering wasand Shakeshaft54] assigned emission angles near 90° be-
settled experimentally only very recentil2—-14,2,3,40 tween the electrons to the interception mechanism and angles
Compared to fully differential cross sections this is only aof 0° and 180° to shake-off. Maulbetsch and Bridgs]
crude test of the wave function. Total cross-section measurezlso attributed to shake-off their finding that, for very un-
ments nevertheless provide information on the ground-statequal energy sharing and 4-keV photon energy, the slow
wave function which is complementary to the energy eigenelectron is nearly isotropic. Calculations of differential cross
value. For example, the asymptotic valueRofor photoab-  sections that could trace various mechanisms and even selec-
sorbtion proves to be sensitive to the portion of the groundtively switch them off would clearly be desirable. In the
state wave function corresponding to only one very fasturrent work we add an additional element to the discussion
electron close to the nucleus. by considering the momentum distribution of the recoiling
Category(b). The character of the three-body continuumHe?" ion. (See Ref[4] for a brief overview)
is shaped by the dynamical interaction among the three All three categories of questioria)—(c) can be addressed
charged particles as well as by their total energy and anguldry measuring the square of the final-state wave function in
momentum. The latter gives rise to characteristic nodal patmomentum space. This final state after photo-double-
terns in the angular distributiojd1], and allows for a pa- ionization of He is kinematically described by the nine mo-
rametrization of thdivefolddifferential cross sectio(FDCS mentum components of the three partigl?eo electrons and
[42,22,43,3% Coulomb repulsion between the electrons haghe recoiling nucleus Due to energy and momentum con-
the most important consequences near threshold, where tlservation, only five momentum components are independent,
three particles remain together longer. Kazanski andind the corresponding FDCS fully describes the process of
Ostrovski convincingly illustrated this formation of the double ionization. At low energies the dipole approximation
asymptotic final statg44,45. The dynamically favored is expected to hold. In this case the linear momentum of the
threshold configuration of two equal energy electrons withphoton is neglected, yielding an additional rotational symme-
antiparallel momenta is, however, forbidden by R sym-  try about the photon polarization axes. This results in a re-
metry. Thus the final-state momenta can only approach thiduction from a fivefold to a fourfold differential cross sec-
Wannier configuratiof46,42,41, with the consequence that tion. In most of the work involving coincident electron
the motion of the recoiling ion tends to freeze out, althoughdetection, these cross sections are called “triply differen-
zero ion momentum is again prohibitg4,48,49. tial,” since they refer to the solid anglel), andd(), of a
Category(c). The question of the mechanisms of photo- pair of electron spectrometers as well as the endtgyof
double-ionization has arisen mainly in work & (For a  one of the electrons(The energy of the other electron is
recent review, see Ref50].) While initial-state correlation fixed by the excess photon energy above the double-
(@ and final-state dynamidd) are closely linked to experi- ionization thresholdE,=E—E;.) To measure such a cross
mentally accessible quantities, transition mechanisms are isection the experimentalist can freely choose which five out
general strongly theory-dependent concepts. They have beefi the nine momentum components to measure. We have
discussed for example in the framework of many-body-chosen to detect the components of the momentum vector
perturbation theory(MBPT). Here ‘“shake-off,” TS1, or (and charge stateof the ion together with the momentum
“interception,” and ground-state correlation are simply components of one of the two electrons. Of these six mea-
names for particular diagrams in the perturbation expansiorsured momentum components, one is redundant.
Following an argument by Dalgarno and Sadeghddild, Using electron-pair coincidence, Schwarzkopf and co-
Hino et al. showed that in MBPT the relative contributions workers [22—24 placed one electron analyzer at a fixed
of the different diagrams are gauge dependé&®]. This  angle and then moved a second one step by step. In an analo-
might be seen either as an indication of the limited use of thgous fashion, Huetz and co-workdb,27] employed a to-
concept of mechanisms in general, or as a hint that MBPToidal analyzer which accepts a range of polar angles for the
diagrams are not good representations of our intuitively idensecond electron, while Viefhaus and co-worke28,28 used
tified mechanisms in all gauges. One intuitive mechanism isime-of-flight electron analyzers which register a wide range
revealed by the remarkably close proportionalityPofas a  of energy sharings. However, these coincidence experiments
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detect at any given instant only an extremely small fractiorwaves for each outgoing electrd@SCO and a numerically
of the three-body final-state continuufon the order of exact algorithni58,54,49,59 Theira priori calculations are
1078-10%). Thus these experiments are extremely difficultunique in that they not only reproduced the shape of the
and time consuming. FDCS but also predicted the absolute double ionization cross
By projecting both the ion and an electron onto wide-areaS€ction and absolute recoil-ion momentum distributions in
position-sensitive detectors, we viewrlto 4 of the three-  €xcellent agreement with experime58,5,49. For the spe-
body continuum at once. Besides increasing the data coIIe(.c-IaI case OT equal energy sharing and coplgnar geometry,
tion rate tremendously, our approach has a substantial advafdreement is found between all three theoretical approaches

tage regarding data analysis. The data are taken in eveﬁ{]d available expgrimental data. For the'gen'eral caselof un-
mode: for each single- or double-ionizing event we recor gual energy sharing, however, substantial discrepancies be-

the information necessary to determine the momentum Vecfyveeg t:ge 35? ‘?}?dhz.sc app_roaﬁhes an? W'tlh ekxp(?nmznt are
tor of two particles. We are not required beforehand to deloun .[ ], highlighting again the puzzling fack ot under-
cide what angles and energies to set our detectors. The ds;han(yng of one of the most basic few body problems in
namics of the physical process itself decides how ever ySICS. . . _ :
region of the five-dimensional momentum space will be In Sec. Il we give a b”ef description of our _expenm_ental
populated. Thus we collect in a single continuous time pe-s\?t’:p' In Sec. lll we describe our dat{;\ a_naly5|s, aﬂd In Sec.
riod a comprehensive set of data covering all angles anlba we present our (esults for single ionization to |Ilus.trate
energies. The data can then be sliced and sorted after tt e technique of recoil-ion mom.entum spectroscopy. Finally,
fact, indeed long after the experiment, in various ways with-" Sec: IV.B we present and dlscuss_ou.r re§ults for double
out having to repeat the experiment. This is a common tec ionization including the momentum distributions of the re-
nigue in many nuclear and particle-physics experiments, bu?oII ions as well as the FDCS of the two electrons.
is rare in photoionization studies.

We have thus obtained the first data for noncoplanar ge- Il EXPERIMENTAL SETUP
ometry with photon polarization out of the plane spanned by The key to the present experiment is the realization of a
the momenta of the escaping electrons. The full coverage afpectrometer with &—4 solid angle for the coincident de-
the final momentum space allows one to represent the data tection of two of the three fragments of the double-ionization
any set of coordinates, an advantage since some three-bodyent. This was realized by detecting the momentum vector
properties of the final state prove more accessible in collecef the ion and of one of the electrons. The technique of
tive coordinates. We elaborated on this point in R&f, and  recoil-ion momentum spectroscopy has been developed over
theoretically analyzed it in Ref48]. A further advantage of more than ten years, and is well established in ion-atom col-
having a detector solid angle of almostr4s that, since all lision physics(see, for example, Refg60—-70,32,3B3and[1]
the data are taken at the same time, the data are automaticaftyr a recent review At its heart are a localized internally
normalized relative to each other, so that additional systemeold target and wide-area position sensitive electron and ion
atic error between the data is eliminated. In addition, it isdetectors. An electric field guides the charged particles to the
straightforward to obtain an absolute normalization for thedetectors and the momenta can be obtained from the time of
data, as we will show below. This absolute calibration isflight and the position on the detector. The time-of-flight
extremely difficult to achieve by coincident electron detec-information of electron and ion are obtained from a coinci-
tion [24]. The absolute FDCS obtained in this work further dence of the respective detector signal with the machine
contributes to the link between studiesfand the work on  pulse. The experiment was performed at beamline 7 of the
differential cross sections. Advanced Light Source at Lawrence Berkeley National

The FDCS for He was measured for the first time in aLaboratory(LBNL). The ring was operated in double-bunch
pioneering experiment by Schwarzkogf al. [22] in 1993.  mode during this experiment to allow for such time-of-flight
In this and later experimen{23-25,27,26,28,29%the two  measurements.
electrons were detected in coincidence. These experiments The momenta of the ions expected in this experiment are
illustrated in a striking way the constraints imposed on then the range of a few atomic unit@.u). Atomic units €
shape of the angular distributions by the dipole-allowed sym=#=m,= ac=1) are used throughout this paper. The ther-
metry of the final state, and its corresponding nodal structuranal motion of He at room temperature yields a momentum
They demonstrated in addition the effect of repulsion bespread of the target atom of 4.3 a.u. Thus it is crucial for
tween the two outgoing electrons. All these experimentsneasurement of recoil-ion momenta to use an internally cold
however were restricted to coplanar geometry. gas target. This was achieved by a precooled supersonic gas

Three independent theoretical approaches have been syet. A schematic of the scattering chamber with the jet sys-
cessful in describing these measured cross sections. Angultem is shown in Fig. 1. The He gas expanded adiabatically
distributions up to 20 eV above threshold were described byhrough a nozzle of 3@em diameter at a pressure of around
Wannier theory47,46,42,55,44,56,45Although this theory 400 mbar. A gas reservoir and the nozzle were mounted on a
predicts the relative photon energy dependence, it did natold finger and cooled to 29 K. From the preformed super-
predict an absolute cross section. Maulbetsch and co-workesonic He gas jet the innermost part entered into the collision
[35-37,41,5Tused a final-state wave function formed by the chamber through a skimmer of 0.3-mm diameter, mounted
product of three asymptotically correct Coulomb wavesabout 8 mm from the nozzle. The gas load from the expan-
(3C), one for each pair of particles, to obtain relative FDCS,sion was pumped by one 220 I/s turbo molecular pump. This
but they were not able to obtain reliable absolute cross secgesulted in a He gas pressure of aroundI0 4 mbar in the
tions. Pont and Shakeshaft employed screened Couloméxpansion chamber. The helium gas jet was intersected with
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small starting volume of 0.160.15< 1.1 mn? resulted in a
— very good momentum resolution for the ions and electrons.
— For the present experiment an electric field of about 2.5
— V/m in the target region was chosen. In the direction toward
the electron detector a homogeneous acceleration field ex-
f tended 1 cm to a grid of 0.25-mm mesh width followed by a
! 1-cm-long field-free drift region. From there the electrons
{ pass a second grid and are postaccelerated by a potential of
| about 100 V onto a position-sensitive channel-plate detector
| with an active area of 48-mm diameter. The typical time of
\ flight of a 0 eV electron is about 30 ns from the interaction
bew | o region to the detector. An electron with 1.8-eV energy which
‘ ‘ starts perpendicular to the direction of the electric field
\ . PSCD .
Extraction _ Drift /7 reaches the detector at its edge. Thus the spectrometer has a
‘ : 44 solid angle for electrons up to about 1.4 eV. The electron

PSCD
EEE pl 7‘ ) . ,‘EE momentum vector is calculated from the position and the
- : - 1 -
|
|
|
b
L

_Jet Dump

Recoil lon

Electron

time of flight measured by a coincidence with the machine
pulse.

The recoil ions are accelerated by an electric field over
about 6 cm before they enter a field-free drift region of

1] ’ 30-cm length. A simulation of the electric field in the spec-

Gas

trometer together with some ion trajectories is shown in Fig.
|| ! 3. The field acts as an electrostatic lens with focal plane on
the channel plate detector. This improves significantly the
! momentum resolution in the two dimensions perpendicular
to the field. Without the lens, the 1.7-mm diameter of the jet
o (i.e., the uncertainty in the starting point of the JaBstricts
the momentum resolution. In the present setup, with a time
of flight of about 12us for He!™, 1.7 mm of jet diameter
would result in a resolution of only 0.4 a.u. This restriction is
overcome by the lens which focuses the ions from different
FIG. 1. COLTRIMS scattering chamber. The supersonic jet isStarting positions onto the same position on the channel
produced in the source chamtibottom, enters through a 0.3-mm- Plate. Different starting momenta, however, still result in dif-
diameter skimmer into the scattering chamigeniddle), and is  ferent trajectories. In the direction of the electric field a
dumped in the top. Each of the regions is pumped by a 220l/$roper combination of field and drift regions is used such
turbomolecular pump. The gas nozzle is cooled to 29 K. that ions at different starting points lead to the same time of
flight. For a spectrometer with homogeneous fields, a first-
the photon beam at the focus of a mirror. At the interactionorder focusing in the time-of-flight direction is achieved by a
region the gas jet had a diameter of about 1.7 mm and eatio of 1:2 for acceleration to drift length; the insertion of a
target density of several 18 atoms/cri. The internal mo- lens requires a longer drift tube to assure this focusing con-
mentum spread of the gas jet in the two directions perpendition. The spectrometer shown in Fig. 2 realizes very good
dicular to its direction of motion is defined by the gas jetfocusing conditions in all three spatial dimensions. For a
velocity, and its divergence is obtained from the skimmemmore detailed description of the spectrometer, see [R&f.
geometry. With the present setup we reached a momentudnother crucial point is the use of narrow grids in front of
spread of£0.04 a.u. in the directions perpendicular to thethe channel plate detector. The front side of the ion channel
jet. In the jet direction the momentum is given RBkTm, plate is at a potential of 3 kV. This is shielded by one grid
with T being the nozzle temperature amdthe mass of the with 80-um mesh width from the field-free drift tube. The
gas atoms. This is only an offset velocity which does notmesh width has been found to have significant effect on the
harm the experimental resolution. The momentum spreatesolution.
around this offset momentum is given by the speed ratio. For We used three time-to-amplitud@AC) converters for
the jet used here this momentum spread is smaller than in thtbe determination of the time of flight of the fragments. Two
perpendicular directiof71]. of which were started by the signals of the recoil ion or
The spectrometer system used to detect electron anelectron detector, respectively, and stopped by the machine
recoil-ion momenta is shown in Fig. 2. The ions and elecpulse of the ring. A time range of 08s was used for this to
trons created at the intersection region of the light with theachieve sufficient time resolution with an 11-bit analog-to-
gas jet are guided by an electric field toward two position-digital converter of 11 bit. The actual time resolution for
sensitive channel-plate detectors facing each other. Beamli®th coincidences was found to be slightly better than 1 ns.
7 of the LBNL Advanced Light Source is specially designedThe electron time of flight was much shorter than the time
for providing a very narrow beam. In the current experimentdistance between the two bunches in the synchrotron. The
a focus of about 0.15 mm at the target was achieved. Thion time of flight, however, was much longer resulting in a
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FIG. 2. Recoil-ion momentum spectrometer. The gas jet has a diameter of 1.7 mm at the intersection with the photon beam. The electrons
are accelerated to the left, the ions to the right. Both detector&-atack channel plate detectors, with an active area of 48-mm diameter
and wedge-and-strip position readout.

“wrap around” of the time-of-flight spectrum. The voltages data presented in this paper were taken in about 5-8 h data
were adjusted in a way that the Heand H&" peaks inthe collection time per photon energy.

spectrum did not overlap. The shape of the peaks for the He

ions reflects their momentum distribution in the direction of

the electric field and will be discussed in more detail in Sec. . DATA ANALYSIS
lll. A third TAC was started by the electron signals and
stopped by the ion signals, its information was used for se- A. lon momentum measurement

lecting the real coincidence events. The raw spectra are

shown in Fig. 4. All data are recorded in list mode. In addi- In the off-line analysis we obtain the position information
tion to the time-of-flight information from the three TAC's, on the channel plate detectors for the electron and the ion
we recorded three pulse height signals from the wedge aniiom the pulse height signal of the three segments of the
strip anode of each of the two position-sensitive channeWedge-and-strip anodes which are recorded in list mode.
plate detectors for each event. A triggetrobe signalto  Those events where both electrons hit the detector yield a
read out the ADC is created for each Heion and every false position information and are rejected using the pulse
eighth He'* ion recorded in the ion-machine pulse coinci- height of the signal. Figure 5 shows the position distribution
dence. We obtained about 5000—10 000'Héons per sec- of the ions on the channel plate detector. The ions have a
ond. This resulted in a coincidence count rate of 4 $or ~ maximum momentum determined by the photon energy.
double-ionization events at 99-eV photon energy. All theSince the spatial distribution on the channel plate is related

N R
...... ___n-—-—-—‘—-___—_'_-

AT

SO T

FIG. 3. Field geometry in the recoil-ion—electron spectrometer. The three groups of trajectories result from ions starting with different
momenta in the direction perpendicular to the electric field.
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whereAx is the travel distance of the ion in the respective

£E €-pulse coincidence direction. This assumes that there is no component of the

- electric field along this direction. For the present spectrom-

= r . . . . e .

5[ eter including an electrostatic lefi®) required modification

2k of the calibration constants, ,. The three constants, , ,

g L were obtained from the measured Hemomentum distribu-

©E f’ tion, discussed below.

'||mmmd|||

;;: ; ion-pulse coincidence B. Electron momenta

; divided by 20 S The electron momenta are obtained from the position on

s L the channel plate and the time of flight similar to the proce-

2 E dure for the recoil ions. However the energy the ions receive

TR from the electric field is much larger than their initial energy.

il ¥ Therefore the momentum in the TOF direction is in very

_ L good approximation linear to the time of flightee Eq(1)],

.é F €-ion coincidence and the TOF difference between those ions starting towards

3 F the ion channel plate and those which start in opposite direc-

g F tion is small compared to the total ion TOF. For the electrons

T F this approximation does not hold. If the length of the accel-

‘g i eration and drift path and the electric field are exactly

54 known, the momentum component in field direction can in
principle be calculated from the measured TOF. However, to

circumvent the uncertainties in the distance and voltage mea-
surements, we calibrated the electron momenta using the

FIG. 4. Time-of-flight spectra. Upper: Time of flighTOF) of measured recoil-ion momenta. The channel for a electron
electrons measured vs the bunch marker. The ring was operated tine of flight of zero was visible in the spectrum from a
the double-bunch mode. The figure shows only one-half the spesveak signal of photons from the decay of excited'Heln
trum (330 ng, belonging to one of the two bunches. The sharp peakhe two directions perpendicular to the electric field the elec-
results from single ionization. The dashed line shows the samé&on momentum is proportional to the distance on the chan-
spectrum gated on Hé ions (in the lower spectrum Middle: TOF  nel plate from the center and to the inverse time of flight.
of ions measured vs the bunch marker. The pulses in this TAC wer@gain the calibration constant was obtained using the elec-
used as the main event trigger. The data collection was alwaygons coincident with H&" ions. The resolution obtained is
triggered if an event was within the indicated Heregion, and  about 0.025 a.u. in the two directions perpendicular to the
only in one out of 20 events which fall into the indicated 1I_ile electric field (for electrons with less than 0.5 eV energy
region. Again, only half of the spectruffor one bunch(330 nsJis  ransverse to the fieldin the direction measured by the time
shown. The dashed line shows the same spectrum gated on thg flight the resolution is about 0.022-a.u. full width at half
spatial region of the detector where the¥lgons hit. Lower: TOF maximum(FWHM) at momentum zero, 0.05 a.u. at 0.3 a.u.
of ions started with the electron signal. The structure in the backénd 016 a.u. at 1 a.u. ' '
ground shows the bunch structure of the beam. The dashed line
shows the spectrum gated as in the middle figure. . L

C. Analysis of the coincidence data

to the momentum distribution, in these two directions all From the thregCartesian momentum components of the
ions have to fall within a circular area on this detector. detected electrork,, and the H&" ion, kio,,, the momentum

If the ion energy is small compared to the potential dif-of the second electrork,, was calculated for each event
ference between the reaction volume and the drift region, thgsing momentum conservatigneglecting the photon mo-
momentunk, | of the ions in direction of the electric field is mentum
aiven by T ®
kizon:(t_to)cza (1)
The large amount of information recorded for each event
allows for a very effective suppression of background from
random coincidences. Figure 4 shows the time-of-flight co-
incidence spectrum between electron and recoil ions gated
on the area on the recoil-ion channel plate detector where the
He?" ions hit the detector. It is this information on the ion
time of flight which is, in terms of background suppression,
the major advantage of an ion-electron coincidence com-
pared to an electron-electron coincidence.

In order to compare our data with those obtained by tra-
KoY — ﬂ @) ditional coincident electron spectroscopy, we present the an-

gular distributions of one electron for fixed energy and angle

wheret is the actual time of flight of the ion, any is the
time of flight of an ion with momentum zero. The propor-
tionality constant,=Uq depends on the electric field at the
targetU and the chargeg of the ion only.

The momentum of the ion in the two directions perpen-
dicular (x,y) to the extraction field for a spectrometer with
homogeneous fields only, is given by



1080 R. DORNER et al. 57

result from the total cross section and the accuracy of the
energy and angular gates used for the electron, which is held
fixed for generating the FDCS. Our error on absolute scale at
80 eV is smaller than 20%, and the additional statistical error
is indicated by the error bars.

For 85- and 99-eV photon energies, we have full solid
angle only for electrons with less than 1 eV energy. We
interpolate to the full cross section by assuming a flat elec-

counts (arb, unitg),

-
g
—

500i ' | ‘\‘\\\ tron energy-sharing distribution. This is in agreement with
] ‘.“ ‘\\ the measurement of Wehlitzt al. within their errors[19]
0- h and for 99 eV in excellent agreement with the calculations of
1000 Proulx and Shakeshdf73]. We then normalized to the total

photoionization cross section of Samsenal. [74] and a
ratio of double to single ionization of 0.66% at 85 eV and
2.28% at 99 eV which were measured with our appargilis
The overall error in this absolute calibration consists of the
error in the assumption of a flat energy distributi@@sti-
mated <15%), the total photoionization cross secti¢2%
[74]), and the ratio(6%). An additional error results from
nonlinearities of our system. For all data with unequal en-
ergy sharing, in order to cancel our energy nonlinearities, we
gated the differential spectra on the same energy range which
was used for the calibration. For the data with equal energy
sharing we estimate this effect to be 30%. Thus the total
uncertainty in the absolute calibration of our data at 85 and
99 eV is 16% for unequal energy sharing, and 34% for equal
energy sharing.

IV. RESULTS AND DISCUSSION

A. Single ionization

FIG. 5. Spatial distribution of recoil ions on the channel plate  From energy and momentum conservation, the momen-
detector. Upper figure: gated on Heions in the time of flight;  tum kye+ of the He'* ions is given by

lower figure: gated on He ions.
Kiet+ = \/Z(Ey_ Eexc™ Ebind)s (4)

of the second electron. We show data for an excess energy of

1, 6, and 20 eV. To obtain the best possible resolution withwhere Ey;q is the ionization potential of the He atom and
our setup, we used the subset of data where the slower eleEx, is the internal excitation energy of the residual 'fie
tron is detected by our electron detector, and the momenturion. For the current experiment the photon momentum
vector of the fast one is calculated using the ion momentum(0.027 a.u. aE,=100 eV) and the ion energy<11 meV)

In the dipole approximation the double-ionization processcan be neglected. For single ionization the ion therefore
has rotational symmetry around the polarization axis of thecompensates almost exactly the momentum of the electron.
linear polarized light. Thus all cross sections depend on thén momentum space all Hé ions are located on spheres
azimuthal angle between the two electrons only, and not oaround the origin. This has been exploited to obtain the cali-
the azimuthal angle in the laboratory frame. We have therebration constants and the times of flight and positions for
fore sorted our data with respect to the azimuthal angle beions with momentum zer@which is the center of the time of
tween the two electrons only, and integrated over the laboflight and spatial distributions Figure 6 shows a slice
ratory azimuthal angle of all particles. through the H&é" momentum distribution. Rings from the
excited states of the Hé can be seen. A traditional electron
spectrometer with electrostatic deflectors would measure
only one point of this plot at a time. A time-of-flight spec-

At 80-eV photon energy and therefore 1-eV excess entrometer measures the intensity distribution along a radial
ergy, our spectrometer spans the fult 4olid angle for all  line from the origin(which is in a given solid angular range
three particles. In this case, the absolute calibration i€) at a polar angled and azimuthal angl€). Due to the
straightforward: the total number of counts obtained correprojection of the ions with 4 solid angle onto the detector,
sponds to the total cross section. We normalized our data tihe current setup records the spheres at the same time with a
the total cross section of Rdf75] of 1.11 10 %' cn?. We  rate of several thousand events per second.
should emphasize that with this normalization procedure the The probability distribution on the outen& 1) sphere
total photon flux, the detection efficiency, the gas target presreflects the degree of linear polarization of the light and the
sure, the instrumental resolution and data acquisition dea@ parameter of the reaction channel. Within the dipole ap-
times do not affect the calibration. The only uncertaintiesproximation the angular distribution of the electrons and thus

D. Absolute calibration
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. FIG. 7. Momentum distribution of He' ions created by 80-eV
2 g photons. The full line is integrated over all polar and azimuthal
angles(integrating over all small nonlinearities of the sysjeifthe

2 dashed line is for a polar angle of 0°-1Q@8caled to match the
k;,, (a.u.) maximum.

FIG. 6. Slice through the three-dimensional momentum distri- B. Double ionization

bution of He!™ ions from 80-eV photons. The electric-field vector The double-ionization continuum in general is described

is along thex axis. The smaller rings result from ions in excited by a probability distribution in a five-dimensional momen-

states. tum space. As outlined in Sec. I, this five-dimensional space
has at least one symmetry within the dipole approximation.

the ions as a function of the polar angdlewith respect to the  This rotationally symmetry around the polarization direction

direction of the electric field vector and the azimuthal angleof the light allows a reduction to four dimensions. Out of the

¢ around this axis is given bly76] many perspectives one might look at these four dimensions
we first discuss the momentum distribution of the?Mdons

d2o(9,b) (which implies an integration over two out of four dimen-

—:i{1+ﬂ[%(l_sin¢zsinﬁ2+ S,c0s9? siong and, second, electron angular distributions for fixed
dQ 4 direction and energy of the other electron as they would be
— S,cosp%sing?) — 1]} 5) obtained from experiments by coincident electron detection.
1 21
In the case of the Stokes paramegr=1 (fully linear polar- 5 ]
ized light), the equation simplifies to -c'% :
:
M—i[1+ (§COS,32_1)] (6) § :
a0 4 itAG 2 E

For the transition to the He (n=1) ground state, the
spin of the photon results iB=2. Figure 7 shows the prob-
ability distribution of the Hé" ion as a function of their
momentum integrated over all angles. From this the overall
resolution of the apparatus can be determined @07 a.u.
This results to some extent from the nonlinearity of the sys-
tem. The dashed line shows the distribution integrated only
over a polar angular range df=0°-10°, reflecting the local i *
resolution of the system of 0.045 a.u. Figure 8 shows the -
distribution of the ions as function of the cosine of the polar

He'*(n=2)

counts (arb. units)

NIRRT FETE NN FETE FEEE FER R RS N
angle integrated over all azimuthal angles. From a fit to this -1-0.8-0.6-0.40.2 0 0.20.4 0'6cg'§e)1
spectrum one obtains the Stokes parameter of the light used
in the current experiment to b# =0.99+0.01. For single- FIG. 8. He'™ count rate vs cosine of the polar angle with re-

ionization plus excitation to the=2 state(Fig. 8, we ob-  spect to the polarization axis, integrated over all azimuthal angles.
tain B=0.86+0.02 at 85 eV, which is within the scatter of The fit to the ground state shows a Stokes paramet&; 6f0.99

the experimental data from Ref&7-79. +0.01. The best fit to the=2 results is8=0.86+0.02.
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C C FIG. 10. As in Fig. 8 but for H&" ions from 99-eV photons.
0.2 —
'0'4:_. :_.I L [22], this is inhibiteq by the electron-electron repglsion, a_md
. 04 02 0 02 04 thus the cross section falls to zero toward the circular line.
The left column of the figure shows the projection of a slice
’5 N in momentum space onto a plane spanned by the photon
s 1 propagation axis and the polarization vector; the right col-
§ C umn shows a projection onto the plane perpendicular to the
= ok polarization. The distribution is rotationally symmetric
C around this axis. The cross section again has a node at zero
C ion momentum. This corresponds to the case of both elec-
-1 trons emerging with equal energy in opposite directions. As
- p Ly by beap e b beaag b shown by several authors, this is prohibited by a selection
2 1 rule [22,35,43.
= F As for the electron emissiointegrated over the second
e B electron and the ign so the angular distribution of the ion
(U e can by parametrized for fully linear polarized light according
- T = P to Eq.(6). Thus, as shown recently by Feag#8] and Pont
1' 5 I8 and Shakeshaft49], the angular distribution for each ion
i S’\‘\. / momentum can be described by one paramggi(Kion) -
] T For illustration, Fig. 10 shows the angular distribution of the

He?" ions at 99-eV photon energy with a fit according to
Eq. (6). The B8 parameters which can be extracted this way
FIG. 9. Momentum distribution of electrons and Heions ~ from the data shown in Fig. 9 can be found in Refl. Our

from photons with 1-, 6-, 20-eV excess energ§. direction of  ion-momentum distributions as well as tBeparameters are
polarization;Y: direction of photons propagatio@; perpendicular in very good agreement with tha priori calculations by
to both. Left column: plane of electric field vector and photon Pont and Shakeshafd9] and calculation in fourth-order
propagation. Right column: plane perpendicular to the polarizationVannier theory4,48].
axis. First row: Distribution of one electrgd eV above threshojd It is instructive to compare the ionic momentum distribu-
Second row: H&" ions, 1 eV above threshold. Third, fourth row: tijons to those of electrons. At energies below 100 eV the
He?" ion 6 and 20 eV above threshold. The circle indicates theelectronicg parameter is found to be close to zero, or at low
maximum possible momentum. energies even negatij&9,21,4. The energy distribution is
almost flat. For comparison with the ionic momentum distri-
butions we have displayed this known electronic distribution
Fully equivalent to the case of single ionization, Fig. 9in Cartesian momentum coordinates for 1-eV excess energy
shows the momentum distribution of the ions for double ion-(first row of Fig. 9. The striking difference between the
ization. Since the two electrons in the continuum can sharéelectronic and ionic distributions invites speculation on the
the excess photon energy and emerge with various relativ@echanisms of photo-double-ionization. The photon acts
angles, the ion momenta are no longer restricted to spheres Upon a charge dipole in the atom. This dipole might be
momentum space. The maximum ion momentum at a givethought of as consisting of the positive ion on one pole and

(a.u) (a.u.)

kz ion

kx ion

1. lon-momentum distributions

photon energy is either the center of charge of the electron pair or one of the
electrons on the other pole. In either case the first step of the
Kion=2V(E,— Epind)» (7)  absorption of the photon will imprint the dipolar character-

istics of the linear polarized photon on the distribution of the
whereEy;,q is the sum of the ionization potentials for both fragments of a charge dipole. The experiment indicates that
electrons. This momentum, which is indicated by the circlethe momentum distribution of the nucleus shows a memory
corresponds to the situation where both electrons escape witif this absorption of the photon, while it is completely
equal energy in the same direction. As already shown in Resmeared out in the electron momentum distribution. If one
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favors the electron pair as the ion’s counterpart in the - 360
photon-absorbing charge dipole, the subsequent breakup mes 300
tion of the electron pair is mainly responsible for the electron©
distribution. The direction of this breakup given by the 240
electron-pair relative momenturkg=3(k,;—k,) has been 180
found for 1-eV excess energy to be mainly perpendicular to

the photon polarization axis. For additional discussion, see
Refs.[4,48]. The picture of such a collective motion of the 60
electron pair is most plausible close to threshold. At higher KT AT
photon energy it seems more appropriate to think (irgle E; 360 !
electron+ ion dipole absorbing the photon. Of course, then 2 300

IlIlIllIIllllIIIlIIIIIIlII
1

electron correlation is indispensable to double ionization. 240
One concludes that it is this electron-electron interaction
which smears out the observed recoil-ion dipole pattern. This 180
point of view is in qualitative agreement with the model of 120
Samson and co-workef46,17] which views photo-double-
ionization as photoabsorbtion by one electron followed by 60
internal electron-impact ionization. 360
For the description of electron-pair continua and bound &
states, molecular Jacobi coordinates have proven useflE 300
[80,47,48. Besides the relative momentum of the electron 240
pair kg=2(k,—k,), one introduces the momentum of the
pair's center of mask, =k, +k,, the latter being equal and 180
opposite to the recoil-ion momentuik,,= —k, . These co- 120
ordinates also invite a change in perspective toward the
double-ionization process. With the electronic coordinates 60
ki, the two electrons are thought of as escaping from a_ 360
central potential created by the ion and some portion of the%‘J
electron-ion interaction with the electron-pair repulsion & 300
shaping the angular distribution of the electrons. The Jacob 24¢
momenta naturally describe on the other hand the motion of
the ion in the two center saddle potential of the electron pair. 180
In Ref.[4] we showed that for 1-eV excess energy the inter- 120
electronic axis is oriented preferentially perpendicular to the
electric field vector. Thus the ions shown in Fig. 9 escape
from the saddle preferentially along the stable direction. In
Wannier theory this preferred motion is related to a state

with angular-momentum projection- kg=K along a body-
fixed axiskg [48,4]. Lablanquieet al. [27] and later Vief- FIG. 11. d*o/d®,d9,dE,d®. Horizontal axis:9,; vertical
hauset al. [28] also argued for preferred population of the axis: azimuthal angle between both electras=85 eV; the en-
K =1 states close to threshold from an analysis of their elecergy of the fixed electron i€;=0.1-1 eV. 3;=0°-20°, ¥,
tron angular distributions. They found the contribution of =30°-40°, ¥;=50°-60°, ¢;=75°-90° (from top to botton.
their a, amplitude[see Eq(8) below] to be typically smaller The direction of the fixed electron is indicated by the dot. The
than 75 of the a4 amplitude at 4-eV excess energy. In addi- dashed line shows the location of the node for the case of equal
tion to the orientation of the saddle, an analysis of the parti€nergy sharingsee text Left column: experiment; right column:
tioning of the excess energy between the breakup motion dpurth-order Wannier calculations.
the electron pair and its center-of-mass motion shows that
the ion tends to freeze out on thg sanIe as thg photon energy.  — 79 eV is the electron-pair binding energy. Thus the
alppr'oac'hes thrgshold.'A det'ermlnatlor'l of the |0n—mom§nt_ur'¢DCS is given byd*o/dcosd,dcosd,dEdé. For a qualita-
dlstrlbut_lon for fixed orientation of the mt_erelect_romc axXIS IS tiye overview on the correlated electron emission pattern at
;g(rathscuobrjneiggogaigfw experiment, and will be discussed in An excess energy of 6 eV we show two-dimens.ional repre-
' sentations of the FDCS for fixet; ,E; as a function of¢p
and, (Fig. 11). For a more quantitative discussion we then
2. FDCS for electron emission turn to one-dimensional polar representations of the FDCS.
Following the work performed by coincident electron de- We illustrate the effect of the excess energy for the case of
tection, we now choose as coordinates the enérgpf one  equal energy and coplanar geometfyg. 12, then turn to
electron, the polar angle#; and 9, of the two electrons the discussion of noncoplanar geometriegy. 13, then to
with respect to the photon polarization axis and the azithe effect of the energy sharing on the FDG%g. 14, and
muthal anglep between the two electrons. The energy of thefinally illustrate a node in the cross section for both electrons
second electron is then fixed B,=E,—Epng— E;, where  emitted perpendicular to the polarization aksg. 19.

;

60
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5 and 5.9 eV. The gray scale of the figure is linear in the

In all of the following figures, we therefore plotted
do/d costd cosd,d¢dE;, i.e., we multiplied our original
data(as displayed in Fig. J1by sim¥;sind, for better com-
—— parison with other published data. Figure 11 demonstrates
that at all angles}; the FDCS is maximum fogp=180°.
This corresponds to the coplanar geometry to which all ex-
periments so far have been confined. The emission of the
second electron changes from a cone #grclose to 0° to
one main lobe in the intermediate range of angles, which
turns with 9,. (There is a second very small lobe which is
not visible in this presentation but is visible in the one-
dimensional presentation belgwFinally, a second lobe
grows as 90° is approached.

It has been pointed out by several authptg,22,41,43
that the FDCS'’s are governed by strict selection rules, espe-
cially in the case of equal energy sharing. Already in the first
(7,2e) experiment on He, Schwarzkogft al. [22] saw a
Cl node for antiparallel electron emission resulting from the
04 PO character of the final state. Maulbetsch and BrifgtH
showed that for equal energy sharing there is also a node at
¥,=180- 9, [selection rule F)]. We mark the location of
this cone with a line in Fig. 11. For unequal energy sharing
this selection rule does not hold strictly. At 6-eV excess en-
ergy, however, the selection rules still seem to govern the
process for an energy sharing DfThis is in agreement with
the observations of Lablanquéat al. for the special case of

E =80 ¢V T+

E’_E ¢ 1 cross sectiord*s/d®,d9,dE;d®. The count rate in our
91:402650 T spectrometer is, contrary to coincident electron detec-
¢1_‘0 2;)0 iR tion, proportional to dd,dd¥,d¢~dQ,dQ,/sing,SinG,.

E =99 eV T
E’_E * 02 + coplanar geometry=0) and9,=0.

o T Huetz and co-workerf42,43 suggested interpreting the
ef“’?)s T cross sections from a parametrization of the FDCS. They
9=0-20 - have shown that within the dipole approximation the FDCS

T can be written as
e REEES 5 4 d*o
0. . ~ +
0.2 0.1 0.2 dEld cosﬁldcosﬂqu& |(C03§1 Cogﬂz)ag(El,ﬁlz)

+ (cost; — cosd,)ay(E, 91)|?,
(8

with two arbitrary complex functiona,, anday of the angle
between the two electron8,, and the energy sharing. The
amplitudea,, is antisymmetric under exchange of the elec-

80, 85, and 99 eV for equal energy sharing. The first electron iérons SO thaauzo_ for B, =E,. W'th the additional b.Ut rea-
emitted in a polar angular rangl = 40°—65°. The azimuthal angle SOnable assumption af, anda, being smooth functions of

between the two electrons is 18020°. The dashed line indicates a 19;2, the SE|QCUQH rules can be deduceq lmmedlate!y from
fit with a Gaussian correlation function with the FWHM as given in this parametrization. The advantage of this approach is that it
Table I. The fit function was integrated over the polar and azimuthaPPlits the cross section into a trivial part which describes the
opening angle given above. Full line: fourth-order Wannier calcu-Symmetry of the'P? state and two functions of lower di-
lation. The polarization axis is horizontal. The data are on absoluténension which describe the three-body dynamics. Recently
scale in 104 a.u., the error bars represent the statistical error, thdMalegat and co-worker43] proposed a further analysis of
additional systematical error is discussed in Sec. Ill D, and the lineghe two amplitudes in terms of bipolar harmonics. Feagin
are scaled to the data. achieved a similar parametrization of the cross section in the
Jacobi coordinates discussed in Sec. |V Bi8]. The func-
Figure 11 shows the evolution of the angular distributiontion |ag|2 was modeled with some success by a Gaussian
of the second electron for unequal energy sharing for th@eaked at 180f22,25,81,4% Kazanski and Ostrovski illus-
angle ¥, varying from 0° to 90° with respect to the polar- trated within a restricted Wannier model hol\&g(ﬁlz)|2
ization axis. The energy of the first electron is selected to bevolves toward a narrow peaked function centered at
between 0.1 and 1 eVthus the second electron between 9,,=180 with increasing distance between the particles in

FIG. 12.d*c/d[ cos(®,)]d[cos,)]d¢ dE for photon energies of
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FIG. 13. d*o/d[cos(,)]d[cos@,)]d¢ dE for a photon energy of 85 eV. The first electron is emitted in a polar angle range of
9,=40°-65°. Each row is for a different energy sharing, each column for varying azimuthal angle between the two electrons as given in
the figure. The dashed line shows a fit with a Gaussian correlation function with the FWHM equal to 84.7°. Full line: fourth-order Wannier
calculation. The data are on absolute scale in*18.u.; the lines are scaled to the data.

the breakup. Even within the Wannier description the correopening angle, we also integrated the fit over the identical
lation function is, however, not necessarily a Gaus§&. azimuthal angle. As a cross check on the fit parameters we
For illustration of Eq.(8) and comparison with all other also fitted measured distributions of the FDCS for fixgd
(7v.2e) experiments, we fitted all our data for equal energyas a function ofd, and ¢, as they are shown in Fig. 11.
sharing and as function af,, &,, and® by Eq.(9) assum-  Again for those fits the opening angle f6s was included in
ing the fit via integration. Within the given errors the fits on the
) different subspaces of the experimental data yielded the same
|ag(912)|?=Ae™ (127180720, (9)  result. Table | shows the fitted FWHM together with compa-
rable values from the literature. Our results are in very close
We fitted our data for 1-, 6-, and 20-eV excess energy. Theagreement with the results of all other studies. We include
fit was performed on a coplanar subspace of our data and {mes calculated with our fit parameters in all further figures
the region ofd; for which we have full acceptance. The for comparison.
azimuthal angle on the dataset has been restricte 20° The figures also show results from a fourth-order Wannier
out of the coplanar plane. To account for the effect of thisdescription[47] used originally in an analysis of the recoil-
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FIG. 14. d*o/d[ cos®,)]d[cos(d,)]d¢ dE for photon energies of 85 and 99 eV. Angles and energies as given in the figure. The dashed
line shows a fit with a Gaussian correlation function with a width as given in Table I. Full line: fourth-order Wannier calculation. The data
are on absolute scale in 1©a.u.; the lines are scaled to the data.

E=85 eV : s E,=99 eV
E,/E=0.5-1. E,/E=0.8-1.
6,=75-90" 05 6,=75-90

$=20-45 ! p=0-90° 2

FIG. 15. d*o/d[ cos(®,)]d[cos(d,)]d¢ dE for photon energies of 8Bhree left row$ and 99 eV(right row). The data for 85 eV are for
energy sharing and angles as indicated in the figure, and the data for 99 eV are integrated over all azimuthal angles. Full line: fourth-order
Wannier calculation. The data are on absolute scale iff #u.; the lines are scaled to the data.
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TABLE I. FWHM of the Gaussian fit function for equal energy muthal angles +90° to 90°) in the upper half sphere and

sharing. those between 0° and 180° and azimuthal arig@ —180°
and —90° to —180°) in the lower half. The acceptance

Eexc (€V) FWHM (deg Reference ranges of¢ chosen for Fig. 12 is € $<20° and =160

0.6 eV 67.8-3 [26] < ¢$p<*+180°, respectively. For 6- and 20-eV excess energy
1eV 68.3-6 this work we find a clear node in the distribution for back to back
1 eV 67.2¢3 [26] emission, but for 1 eV the node is somewhat lost by our
2 eV 80.3-2.5 [26] experimental resolution. Our experiment has a constant reso-
4 eV 71+3 [43] lution in Cartesian momentum components of the ion and
6 eV 84.7-1.2 this work one electron. Thus the angular resolution improves with ex-
10 eV 8713 2 [22] cess energy. The data set shows how with decreas_ing excess
18.6 eV 912 [43] energy the influence of the electron-electron repulsion in the

final state bends the lobes more and more toward back-to-
back emission. The dashed line is calculated for a Gaussian
with the width given in Table I. The calculated distribution is
integrated over the same range ®f (40°—65°) andg in
the experimental data. We note that there is no dark area for
our detectors. The experiment covers all angles. If there is no
data point visible for particular angle, it coincides with the
~ c . 2 - origin of the graph. At 6-eV excess energy our measured
fkr kr)=x(kr ke) [~ (CotCy) Kr-kr Kp-€tCy k"(el](’)) dis%ribution isgsigFl)ﬂificantIy narrower than t%}:a Gaussian fit.
This cannot be a result of a wrong width of the Gaussian
(which would tend to shift the maximumbut indicates a
small deviation in shape of the correlation function from the
simple assumption of a Gaussian. The shape of the Wannier

the recoiling ion, while theey o, are essentially dipole ex- calculations are, however, in excellent agreement with the
citation amplitudes of th&th internal Wannier mode with data ' ' 9

angular-momentum projection- ke=K along a body-fixed Our data in Figs. 12—15 are on an absolute scale. This
axiskg. The recoil-ion angular distributions derived in Ref. 50ws for a much more stringent test of theoretical ap-

[48] from an expansion in bipolar harmonics are read“y_Ob'proaches. As discussed in two comparative stufBds59
tained from Eq(10) if the vectorsk, andkg are expressed in o, example the 3C approach as applied to photo-double-

terms of their polar angleg, , ¢, (a=r orR) relative to the  jonjzation by Berakdar and co-workef85,86 and Maul-
photon polarization directios. Those distributions were ap- betsch and Briggh35—37] differs greatly in absolute height

20 eV 91.6-2 this work
20 eV 91.0-2 [24]

ion angular distributions[48]. In that case, the FDCS
15°— PO amplitude can be written

wherey (k, ,kg) is an “internal” momentum wave function,
which defines the singly differential cross sectaw/dE, of

plied with some success in Ré#]. from the calculation by Pont and Shakeshaft using the 2SC
We calculate the FDCS for Figs. 11-15 when we insteacapproact{54,49.
introducek, =k, +k, andkg=3(k;—k,) into Eq.(10), and As described earlier in Sec. Ill D, our data are consis-

express the conventional electron detection coordinkies tently normalized to the same total cross section for all en-
andk, in terms of their polar angleg and ¢, relative to the ergy sharing and angles. Since all data are taken at once, the
polarization direction. The result was also given in RdB]  uncertainty in a relative comparison between the different
along with some sample plots. Although it agrees in formmomentum configurations at a given photon energy is
with Eq. (8), it also provides explicit expressions fag and  smaller than the systematic uncertainty in the overall cross
a, as functions ofk;, k,, and #,, which appear to work section. Strictly speaking, the measured FDCS'’s do not give
equally well for most energy sharings and azimuthal anglesthe cross section at the mean value of the angular and energy
The excitation amplitudesy in Eqg. (10) have not been range given, but the cross section averaged over the integral
evaluated. Instead, we have simply parametrized the calculéadicated.
tions in the figures in terms of the ratig/c,, and arbitrarily Figure 13 shows data for the noncoplanar geometry. The
normalized the theory to the data. The ratio depends in prinleft column gives the coplanar case. In the middle and right
ciple on the excess enerd; but is independent of the mo- columns, the electroa, is held fixed out of the plane of the
mentak,; andk,. Moreover, it can be related to the angular paper by 20°-45° and 45°—-90°. The arrow shows the polar
asymmetry parameters of the recoil-ion and relative electronangle 9, which is, however, tilted out of plane. As in the
pair distributionsg, and Bg. Thus we fixed the Re and Im previous figure azimuthal angles larger than 90° are plotted
parts ofcy/c4 for a given excess energy in all figures using as negative},. The main effect is on the absolute scale: the
beta parameters extracted from previous measurementsoss section drops rapidly for out-of-plane scattering. As
[4,82]. Theoretical details will be presented elsewhe38]. discussed above, the emission pattern at 85-eV excess energy
In Fig. 12 we illustrate the influence of the excess energyare very similar for all energy sharings. In the framework of
on the FDCS for equal energy sharing and the coplanar gehe parametrizatio(B), this indicates that the amplitude is
ometry. The polarization axis is horizontal and both electronsnuch smaller tham,. We find that, while for the coplanar
are emitted in the plane of the paper. By definition, polargeometry one of the lobes is strongly suppressed, they be-
angles are restricted t¢0°-1809, while our azimuthal come more equal for out-of-plane geometry. As can be seen
angles range from-180° to 180°. In Figs. 12—15 we dis- in the absolute value, this is due to a faster decrease in size of
play polar angles between 0° and 180° associated with azthe main lobe. For equal energy sharing this behavior is well
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predicted by the simple parametrization using a Gaussiamomentum distribution of the recoiling ion shows, contrary
correlation function. The Wannier calculation fits the shapeo the electronic momentum distribution, dipolar structure.
of the FDCS very well for all energy sharings at 6 eV aboveFrom the same data set we also obtain an absolute FDCS for
threshold. electron emission at various energy sharings and angles in
The influence of the energy sharing on the emission patthe coplanar and noncoplanar geometry. As a consequence of
tern is illustrated in Fig. 14 for 6- and 20-eV excess energythe electronic repulsion the maximum of the cross section is,
While at the lower energy the emission pattern is almosat all polar angles, at an azimuthal angle of 1808., in the
independent of the energy sharing, we find a strong effect atoplanar geometjybetween the two electrons. The data set
the higher energy. Again the figure includes data points fogives an overview on the multidimensional structure of the
all 9,. We find only one lobe at this particulat,. At the  three-body Coulomb continuum for &P° symmetry. We
low energy there is almost no back-to-back emission everonfirm the selection rules predicted by Maulbetsch and
for very unequal energy sharing. At 20 eV above thresholdBriggs [41]. Since our data are on an absolute scale and
however, back-to-back emission arises for unequal energygover a wide range of the final state phase space, they pro-
sharing. This was first observed by Schwarzkopf andvide a link between differential studies and the extensive
Schmidt for the special case df; =0 [24]. It is not surpris- work on total cross sections. For the future, we would en-
ing that 20 eV above threshold for unequal energy sharingourage theoretical work addressing the open questions of
the agreement with Wannier theory is not satisfying. Thesdow the different mechanisms of photo-double-ionization
configurations are far off the Wannier saddle. manifest themselves in the FDCS and how initial state cor-
For the particular case o#r;=90°, Maulbetsch and relation influences the FDCS.
Briggs [41] pointed out that there is a node in the cross
section atd¥,=90° due to the even exchange symmetry and
odd parity of the final state. Schwarzkopf and co-workers
(cited in Ref.[84]) measured at these angles and indeed This work was supported by BMBF, DFG, DAAD, the
found a node at}; = 9,=90° for the case of coplanar emis- Max Planck Preis, and the Feodor Lynen Program of the
sion and equal energy sharing. Our data shown in the leflexander von Humboldt Stiftung, the Studienstiftung des
three columns of Fig. 15 demonstrate f8g,.~6 eV that deutschen Volkes, DAAD, and the Division of Chemical
this node is independent of azimuthal angle and energy shagciences, Office of Basic Energy Sciences, Office of Energy
ing as well. This is not an effect of amplitudg, in Eq. (8) Research, U.S. Department of Energy. We thank the staff of
being small. AtE=20 eV we find the same effect in right the ALS for extraordinary support during our beam time and
column of Fig. 15. The latter data are integrated over allT. Warwick, E. Rothenberg, and J. Dennlinger for help with
azimuthal angles and the node still prevails. operating the beamline. It is a pleasure to thank our col-
In conclusion, we have used COLTRIMS together with anleagues V. Schmidt, B. Kesig, A. Huetz, F. Maulbetsch, J.
imaging technique for electrons to obtain a comprehensiv@riggs, S. Keller, J. M. Rost, R. Shakeshaft, and M. Pont for
and absolute set of data on photo-double-ionization at 1, timulating discussions, and E. Kanter and M. Jung for their
and 20 eV above threshold. At all energies we find that théielp during the beam time.
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