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Postcollision interaction effects have been investigated for sequential two-electron emission in xenon
for particular kinematical conditions, small relative angles between the emitted electrons, and selected
energiese, = €, which are halfway in between the nominal values of the “photo”-electron and the
“Auger” electron. The experimental results are in good agreement with the theoretical prediction. Our
successful technique to measure two coincident electrons of nearly the same energy and the same
directions opens a plethora of possibilities to probe for different cases the Coulomb interaction of three
charged particles and the impact of the intermediate resonance state. [S0031-9007(99)09343-6]

PACS numbers: 32.80.Hd

Since Newton it is known from celestial mechanics thatep = hv — E; and €4 = E; — E; " of the “photo’-
a full solution for the motion of three bodies is hardly electron and the “Auger” electronzf is the photon
possible. This “three-body problem” is a fundamentalenergy, E;” and E;* the intermediate hole state and
one for all systems where three particles are linkedinal state ionization energy, respectively). Depending on
by inverse square central forces. In particular, it alsadhe energy settings selected in the experiment, one can
holds for the dynamics of three charged particles in theexplore rather distinct cases for such a sequential process.
continuum which are subject to their mutual long-rangefFor €, = €, the matrix element’s; is governed by full
Coulomb interactions. An important example for suchcoherence of both amplitudes. Fay, very different
a case is double photoionization, provided the emittedrom €, one has complete incoherence, i.e., only one
electrons, measured in coincidence, are analyzed withf the two amplitudes in the transition matrix element
respect to their kinetic energies, and ¢, and their Ty is of relevance and the cross terms between the two
directionsk, andk,. Double photoionization can occur amplitudes vanish (note that each of these amplitudes can
in two limiting forms, a direct one with the simultaneous be the dominant one, i.e., one gets two complementary
emission of two photoelectrons, and an indirect onetransitions). Within these limits any ratio between the
usually called a “two-step” process, with the sequentiabmplitudes is possible. A particular case can then be
emission of a photoelectron and an Auger electron. Herselected by the experimental conditions and will manifest
we concentrate on an indirect process characterized by the specific features in the angle- and energy-dependent
existence of a well-defined intermediate hole state. Thigoincidence signal between the emitted electrons. This
introduces a time delay between the emitted electrons, artdnability of coherence/incoherence provides a remarkable
it leads to two interfering amplitudes. Since the degree oformal analogy with experiments in quantum optics in
interference can be selected by the kinematical conditionwhich the decoherence of a mesoscopic superposition of
set in the experiment and interference effects are known tquantum states due to the coupling of the system to its
provide a sensitive test to theoretical approaches, we deahvironment is studied (see, e.qg., [4]).
with a system where many ways exist to explore in detail It is our aim to take full advantage of the experimental
dynamical aspects of three-particle Coulomb interactionsuning possibilities to study PCl phenomena in different
in sequential two-electron emission. In particular, weenergy regions. Since the PCI mechanism relies on the
focus in the present work on cases where the emittethree-body scattering wave function whose individual
electrons have small relative angles and equal or nearlgarts are grouped in a particular way (for details, see
equal energies. [5]), one gets a mutual interplay between the Coulomb

For the correct theoretical formulation of the sequentiakepulsion between the ejected electrons (Sommerfeld
process the conventional two-step formulation must bdactor) and an additional factor (resonance factor) which
replaced by a one-step formula [1], the antisymmetry otakes care of the intermediate state [3]. At full coherence
the final-state wave function leads to two amplitudes inand within an energy rangé\E, dictated by I' the
the transition matrix elemert;; [2], and angle-dependent sequential process becomes governed by the Sommerfeld
effects of postcollision interaction (PCI) play an importantfactor (' is the level width of the intermediate state).
role [3]. One then gets an analytical expression forThis prohibits electron emission into the same direction
the nontrivial dependences on the emission angles ( and leads to an apparent analogy with direct double
k,) and the actual kinetic energies,( €,); the latter photoionization. However, at full incoherence and within
entering as differences to the nominal kinetic energieAE, the resonance factor dominates and for negligible

0031-9007 99/ 82(23)/4615(4)$15.00  © 1999 The American Physical Society 4615



VOLUME 82, NUMBER 23 PHYSICAL REVIEW LETTERS 7 UNE 1999

PCI effects, electron emission into the same direction A direct measurement of coincident energy distribu-
occurs with equal probability as electron emission into theions like the ones shown in Fig. 1 poses extreme diffi-
opposite direction. culties to any experimental setup, because two electrons
The strongest PCI effects exist at small relative anglesf nearly the same energy and nearly the same direction
between the emitted electrons. Since here the “photo”must be measured in coincidence. If two separate elec-
electron gains energy and the “Auger” electron losedron spectrometers are used, their outside dimensions set a
the same amount (note, this is the opposite energiower limit to the minimum angle o®, ;, (e.g.,45° in our
exchange as in noncoincident PCI), one getsefbr< €}  experimental setup [8]). If a single electron spectrometer
a significant extension oAE, which enhances interfer- is used in conjunction with a single position sensitive de-
ence effects as compared &F, = I'. This facilitates tector, the limit is set by the multihit capability of the de-
the experimental observation of PCIl induced featuresector. To overcome this problem, we restrict our study in
which have been predicted theoretically [3], but notthe present work to one particular aspect of these energy
yet explored experimentally: a remarkable intensity fordistributions: the photon energy dependence of coincident
rather large energy detuningStE = e,(l - 62 < 0, ac- electrons with energies, = €, = (E?: + eg)/z, i.e., we
companied by pronounced interference structures in theearch under the full-coherence condition for PCI influ-
energy distribution of the coincident electrons, and aences as manifested at poi#™in Fig. 1. The restriction
PCI induced reduction of the transition probability (seeto these energies opens access to study PCI phenomena at
also [6]). small relative angles by small modifications in our experi-
For our experimental study of PCl at small rela- mental setup.
tive angles between the emitted electrons we selected The experiment was performed at the electron storage
4ds;, photoionization in xenon with subsequents-N ring BESSY | in Berlin. We use only one electron spec-
0,30,5('Sy) Auger decay. For this case direct dou-trometer and equip it with two separate channeltron de-
ble photoionization is negligible, the nominal kinetic tectors mounted slightly outside the focal position (image
energies areep = hv — 67.55 eV and €} = 29.97eV, of the pointlike source volume). Since the detected elec-
and the level width of the intermediate state is=  trons have passed the same electric field of the analyzer
0.12eV. their energies are equal and can be selected by the pass en-
In Fig. 1 we show examples for coincident energyergy of the spectrometet, = €, = E.. Since the two
distributions which we calculated by following the
correct theoretical treatment described above. The

photoionization matrix elements are from [7], the Auger 1L0F 'A T IA ' N
decay matrix element with one partial wave only is set AE=—1eV AE=-leV
to unity. The data refer to completely linearly polarized 05l 1 i
incident light and observation of the emitted electrons in

a plane defined by the directions of the photon beam and J/\/L

the electric field vector. Within this plane the accep-
tance anglesb, and ®, for the two coincident electrons
are symmetric with respect to the electric field vector
with values of®, = +8°, ®, = —8° (left part of the
figure; relative angle®,, = 16°) and &, = +12°,

o, = —12° (right part of the figure; ®,, = 24°).
Further, the data are shown for different detuning
parametersAE = e» — €} (indicated in the figure).
Pronounced PCI and interference effects can be seen for 05k 1 1
the “off-resonance” cases withE < 0eV. One striking '

example is the additional structure at= (ep + €3)/2 J\ 1&

in the spectrum withAE = —1eV and ®,;, = 16°, - v
which clearly demonstrates that any association to a
“photo”-electron and an “Auger” electron becomes
meaningless here. “On-resonance” withE = 0eV, FIG. 1. Coincident energy distributions predicted theoretically
and depending sensitively on the relative angle, dor 4ds,, photoionization and NO,30,5('S,) Auger decay
minimum or maximum occurs. FoAE = +1eV the in xenon. Shown are different relative angles (left column

coincident energy distributions show two peaks closeli(i‘:é1 r:etlgé Arght column & “ Tné?;;tggd d%zireg;e?g;ur!ggle
. . = €p — €4 .
to the nominal values ofep and e; with strongly is given for €,; the energye, of the coincident partner

asymmetric shapes. Here the photoelectron simplgjectron follows from energy conservation, + e, = hv —
gains energy and the Auger electron loses the samg/ . The point ‘A” indicates the special energies = ¢, =
amount. (e + €%)/2.
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channeltrons are mounted outside the focal point, they ader the zero level of these true coincidences comes from
cept electrons which are emitted at different angles. Ray€,.,. which, however, is strongly suppressed. This can be
tracing calculation shows that each detector accepts a coseen from the measuret,.,, values (open circles; com-
with an effective opening angle cdh®, = Ad, = 2°  pare above) as well as from an estimation (dotted curve)
against its symmetry axis, set at the angles= +10°,  which is based on the relatiofi.,, = 107® X N, found
@, = —10° introduced above. Thus, our experimentalexperimentally, werev is the sum of the single counting
setup allows the detection of coincident electrons at the seates in both detectors. For comparison two theoretical
lected energies (pointA”) within the angular range from predictions are plotted, the solid curve for PCI included,
®,, = 16°to ®,;, = 24° (compare Fig. 1) the dashed curve for PCI neglected. In both cases the

The signal of observed coincidences contains severaxperimental energy resolutions and the effects of finite
contributions which must be taken into account carefully.acceptance angles are taken into acCOMMfecirometer =
There are true coincidences of the desired procesgpf 550meV, AEpho0on = 380 meV). The solid curve is cal-
photoionization with subsequents¥D,30,3('So) Auger  culated forC(4d), i.e., it takes into account the PCI in-
decay, abbreviated b/ (4ds/>). At higher photon en- duced interference effects between thé,, and 4ds,
ergies one finds true coincidences of the related process photoionization and accompanied Auger decay channels.
4d;, photoionization with subsequents#D,30,3('Sp)  Without this interference the curve below 97 eV photon
Auger decay, abbreviated Wi, (4d3/2). In both cases energy is approximately 15% higher; above 98eV there
one has random coincidenc&$,,q4om, Which can be mea- is no effect since there the amplitude f6(4ds/,) coin-
sured and subtracted easily by standard techniques. Howidences vanishes. From Fig. 2 it can be seen that the
ever, in addition there can exist coincidenegs,; which  experimental data are well described by the solid curve.
are produced if a primary electron scatters at a mesh athis confirms the theoretical treatment—in particular, the
the spectrometer exit and produces a time-correlated setwo basic features of PCI for the selected energy rela-
ondary electron there, and each of these electrons getion e, = €, = (ep + €3)/2: (a) The maximum of the
detected in one of the two channeltrons. The contribuasymmetric intensity profile is shifted towards lower val-
tion from Cg, was studied by measuring coincidencesues as compared to the “on-resonance” photon energy
betweentds,, photoelectrons and NO, 30, 3(1So) Auger  hv® = 97.52 eV. (b) Remarkable coincident intensity is
electrons, because there one can have only random coiobserved for rather large energy detunings (compare the
cidences and coincidences from the described scatterirgplid and dashed curve at about 95.5 eV photon energy).
process. With an optimized field combination in front of In summary, we have successfully demonstrated the
the channeltrons we could suppreSg, to practically validity of the proposed PCI description in sequential
zero (see open circles in Fig. 2 below).

Since PCI effects betwee#d;,, photoelectrons and %103 T T T T T T
N4-0,30,3('So) Auger electrons extend into the en- L

ergy region of4ds,, photoionization with subsequent .5
Ns5-0,30,3('So) Auger decay, both channels interfere. &
Consequently, the observed true coincidences will be
termedCy.(4d), but below 98 eV photon energy the data ¢
refer mainly toCy.(4ds,2), and above this value mainly o
t0 Cirue (4d3/2)- 8

Comparing the coincidence signal in Fig. 1 at point §
“A" for the detuningsAE = 0 one can see that the ob- 72
served intensity depends critically on the actual angles &2
accepted by the two channeltrons. These angles foIIow'§

from the geometrical arrangement of the two channel-
trons, with the exception that the effective cone angles 0 1 ! L PR 1
A®, andAd, given above are b§0% smaller than their 95 96 97 98 99 100
geometrical value. This reduction was determined from photon energy [eV]

the mea}sured shape of the nOhCOInCIdeﬂOﬂgOzj(]So) FIG. 2. Photon energy dependence of coincidences between
Auger line whose observed width must match the spec-hoto™-electrons and “Auger’ electrons in xenon at small
trometer resolution, since the latter depends on the size oglative angles,®,, = 20° + 4°, and for electron energies
the channeltron opening along the direction of energy dise, = €, = (e} + €1)/2. Experimental data for tru€ . (4d)
persion. The reason for this reduction can be ascribed tepincidences are given by full circles with error bars. Their

; A zero level is shown by the open circles and the dotted
?rcl)ﬂfo%fedetecuon efficiency at the border of the ChanneIcurve. Theoretically predicted data: solid curve for PCI effects

. L. included; dashed curve for PCI effects neglected; both curves
The e_xpe_rlmental results_ @ e (4d) coincidences aré contain the finite energy resolution and acceptance angles as
shown in Fig. 2 as full points. The largest uncertaintygiven in the experiment.
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double photoionization for a particular case, small relativel. Schleich for fruitful discussions in which the anal-
angles, and condition for full coherence. Concerning theogy to quantum optical experiments became clear, and to
last point we would like to point out that the presentthe financial support through the Deutsche Forschungsge-
study yields only relative coincidence rates. Thereforemeinschaft in the SFB 276 TP B5.

it cannot provide information about the influence which

the full coherence has on the observed signal. From the

theoretical calculation it follows for the present example
that the high degree of symmetry in the experimental
parameters®, = —®,, e, = €,) gives an increase of
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