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Experimental Evidence for Circular Dichroism in the Double Photoionization of Helium
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Circular dichroism in the double photoionization of He by circularly polarized light has been observed
in an angle resolved coincidence experiment at 93.5 eV photon energy. The use of a transmission
multilayer, which acts as a quarter-wave plate for the linearly polarized incident light, together with
time-of-flight spectrometers, which enable simultaneous detection of all electron pairs, has made the
measurements possible. The results show strong dependence of the dichroism on the relative emission
angles and the energy sharing between the ejected electrons in good agreement with our numerical
calculations. [S0031-9007(96)01618-3]

PACS numbers: 32.80.Fb, 33.55.Ad

Double photoionization of a free atom is one of theparticular the description of the Coulomb interaction in
most striking manifestations of electron-electron correthe final state plays a major role in determining shape
lations. The more direct way to study double photo-and magnitude of the TDCS [3]. Only experiments can
ionization is an experiment where the two photoelectrondirst prove the existence of the predicted effect and,
are detected in coincidence, after energy and angle ssecond, stimulate the development of more sophisticated
lection. This experiment results in the measurement ofheoretical models.
the triply differential cross sectiond’o/dQ,dQ,dE, In order to illustrate the effect in the angular pattern
(TDCS), whereQ), and Q, are the angles of emission of the TDCS an example fokv = 93.5 eV is depicted
of the two electrons andl, is the energy of one of them. in Fig. 1 for a fixed direction of one of the emitted
The energy of the other electron is defined by energy corphotoelectrons K,) and a particular unequal energy
servationhy — I** = E, + E,, wherehv is the photon sharing €,/E, = 1/9). Fixing the direction of emission
energy and/>" is the double ionization potential. Ex- of the second electron th;, and changing the helicity
perimental investigations on the TDCS of the archetypal
system for double photoionization, the helium atom, have
been possible only since 1993 [1]. Recently Berakdar and X
Klar [2] have predicted that circular dichroism should be k
observed in double ionization of helium with circularly a
polarized radiation. Chirality in a system with a fully
symmetric initial state (helium ground stats,) might
surprise us. Chirality requires distinguishable electrons @
and indeed Berakdar and Klar [2] and Berakdaal. [3] ab
have shown that the dipole matrix element produces the g ,_O-

TDCS with a portion being antisymmetric with respect y
to the angular and energy exchange of the two electrons.

This portion is the source of dichroism. Necessary condi- k O'_

tions to observe a nonvanishing dichroism are as follows: b

(i) The two electrons unevenly share the excess energyiG. 1. Schematic drawing of the experimental geometry.

(ii) The direction of incident light and the directions of The directions of emission of the two electrons given lyy
the two ejected electrons are not lying in one plane. andk, are lying in a plane perpendicular to the propagation

Moreover due to the fact that double photoionizationdireCtion of the circularly polarized ionizing radiation which
is pointing into the plane of the drawing. The relative angle

occurs only because of electron correlations, the size ar@etween the two directions of emission is given By,.
sign of the calculated dichroism depend sensitively on the calculated TDCS forhy = 93.5 eV and E,/E, = 1/9 is
approximate wave function used in the calculations. Inshown for both helicities¢* /o ™).

+
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of the circularly polarized ionizing radiation, circular of the polarimeter was higher than 0.97. First the degree
dichroism would result in a corresponding change inof linear polarization was measured without the multi-
coincidence yield. layer (P, = 0.95 = 0.02). Afterwards the optimum

In this Letter we report on the observation of a cir-incident angle of the multilayer for the given photon
cular dichroism effect in the double ionization of helium energy was determined by minimizing the intensity
measured by angle resolved electron-electron coincidenaaodulation measured by rotating the polarimets2 ().
spectrometry using circularly polarized monochromaticThe polarimeter alone cannot distinguish between unpo-
synchrotron radiation. We describe briefly the experimeniarized and circularly polarized radiation. However, by
tal setup as well as the data analysis. The results are fsuccessively changing the polar angles of the multilayer
nally compared withab initio calculations. and rotating the polarimeter around the light axis, the

Until recently, pure circularly polarized radiation was changing ellipse of light polarization, being circles and
restricted to photon energies below 30 eV [4]. While inlines in the extreme cases, could be observed. At given
the soft x-ray energy region a special insertion devicepolar angles the incoming linear polarization was com-
a helical undulator, is already available to produce cirpletely converted into circular polarizatio®{,. = Py,)
cularly polarized radiation directly [5], for extreme ul- [9]. During the experiment the helicity of the radiation
traviolet (XUV) radiation (double ionization threshold of was changed every 1000 s by switching between two
helium athr = 79 eV) we had to develop a quarter-wave appropriate polar angles of the multilayer. The absence
plate to phase shift the linearly polarized light [6] of a of linear polarized radiation behind the multilayer was
conventional undulator. verified after each change.

The experiment was performed at the Berliner The circularly polarized radiation intersected at the
Elektronenspeicherring-Gesellschaft flir Synchrotroninteraction region an effusive beam of helium atoms.
strahlung (BESSY) under single bunch conditions of thePhotoelectrons were analyzed using three time-of-flight
electron storage ring. Figure 2 shows the experimentg TOF) spectrometers in a plane perpendicular to the in-
setup. Monochromatized, highly linearly polarized radia-coming radiation. The three analyzers allow simultane-
tion was first converted into circularly polarized light by ous coincidence measurements at three different relative
a Mo/Si transmission multilayer (50 bilayerg,= 9 nm, emission angle®,, of the two electrons. The angular
working range93 = 5 eV). For an incoming monochro- acceptance of the spectrometers is smaller thatf.
matic photon flux of approximatelyi0'*> photons per Noncoincident as well as coincident TOF spectra were
second per 100 mA ring current (gap setting 38.2 mm, neecorded at the same time simultaneously detecting pho-
pinhole, resolving poweE /dE = 300) of the UL-TGM5  toelectrons of all possible kinetic energies [10]. An
beam line [7] a flux higher thari0'! photongs was acceleration voltage was applied to the drift tube of the
achieved in the interaction region. analyzers in order to detect electrons with kinetic energies

For the quantitative interpretation of the measuredas low as 0.5 eV. The energy resolution of the analyzers
TDCS the degree of circular polarization of the ionizingwas in the range of 2%—-5% of the kinetic energy of the
radiation has to be known. The light polarization statephotoelectrons. The photon energy of 93.5 eV was cho-
was monitored by a Rabinovitch-type [8] linear polar-sen as a compromise between multilayer working range,
ization analyzer consisting of a gold mirror (incident photon flux of the undulator, and helium double pho-
angle 42) and a GaAs photodiode. The analyzing powertoionization cross section (maximuml0 kb at=100 eV

[11]). This resulted in a total true coincidence count rate

/ L in the order of 10 mHz.
.r = \‘\ a ! The analysis involves the time-to-energy conversion of
main chamber I”’“‘M| both coincident as well as noncoincident TOF spectra
Tr m’, 'r“‘i‘ﬂ’f”'f [Figs. 3(a) and 3(b)] and subsequently the subtraction
‘# ,, | PasATEEt of background and random coincidences. The true-to-
ﬂwﬂx random ratio, being much higher than one, allows an
/f = -’;\F Jsz unambiguous identification of the single accessible final
—_ [ © 3\ // state in the double ionization photoelectron spectrum
Hoa ) e fﬁ__x/ma nlayer [Fig. 3(c)]. The TDCS was obtained by adding the
g aﬂiﬁiﬁc}&“ He: beamn coincidence counts over a certain energy interve eV,

marked as rectangles in Fig. 3(b)] to achieve a sufficient
FIG. 2. Schematic drawing of the experimental setup. Threestatistical accuracy. For one relative emission argle
TOF electron analyzers are mounted in a plane perpendiculgind a particular heI|C|ty the TDCS is plotted versus

to the incoming photon beam. The linear polarized radiation ignetic energyE, in Fig. 3(d). The TDCS has been
transformed into circular polarized radiation by a transmission “

multilayer positioned at the entrance of the vacuum chambePUt ON & relative scale using the simultaneously collected
The helicity of the radiation can be switched using appropriatéyoncoincident spectra of the three analyzers because all
polar angles for the multilayer. analyzers lay in a plane perpendicular to the direction of
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FIG. 3. Overview of the data analysis of the helium double(full) helicity of the circularly polarized radiation. The solid
photoionization electron spectra. (a) The noncoincident elecand dotted curves are our theoretical results arbitrarily scaled

tron raw spectra of two TOF analyzers as well as the simul{&S guoted) with respect to the experimental TDCS. (b) Nor-
taneously recorded two dimensional raw coincidence spectrudff@lized circular dichroism for the three corresponding relative
of the corresponding analyzer pair. (b) The same spectra ofmission angles. The full curves represent our theoretical re-
kinetic energy scale and after subtraction of the backgroungults- Note the different scaling of the three plots in (a) and
and random coincidence events, respectively. (c) The doublE?). respectively.

ionization photoelectron spectrum, generated by plotting all co-

incidence events versus excess energy. (d) The TDCS intensity o )
versus energy sharing. of the radiation as well as changing the “labels” (“fast,”

“slow”) of the two electrons leads to the same geometry of
the experiment. These findings also show the proper op-

propagation of the circularly polarized radiation. The loweration of the experimental setup. Furthermore the mirror
energy Auger spectrum of xenon [12] has been used teymmetry also tells that integration over all possible ki-
determine the relative transmission of the analyzers. Theetic energy sharings leads to a vanishing difference be-
relative transmission did not change while switching thetween the TDCS intensities recorded with negative and
helicity of the radiation. positive helicity of the circularly polarized radiation. This
The resulting TDCS recorded with positiver{) and  stresses the fact that only coincidence measurements with
negative ¢ ) helicity of the circularly polarized radia- a suitable energy (and angular) resolution enable the ob-
tion for three different relative emission anglés, are  servation of circular dichroism.
displayed in Fig. 4(a). In Fig. 4(b) the data were used to As far as the results of the different relative angles

calculate the corresponding normalized circular dichroism@re concerned it is obvious that the TDCS9gg = 125°
effectA, given by has the strongest intensity and clearly shows the circular

o _ dichroism. Thed,, = 150° data show a larger circular
! TDCS(U+) TDCS(U_) . (1) dichroism effect despite the large error bars whereas
Peire TDCS(o ") + TDCS0 ") the 0,, = 85° ones show—if any—an effect with the

Two general features are observed in Fig. 4. First th@pposite sign.

circular dichroism vanishes for equal and almost equal Numerical calculations are also shown together with the
energy sharing. This is due to the fact that the observeexperimental results. They are obtained along the same
is not able to distinguish between the two electrons unlines as Refs. [2,3] using a Hylleraas-type wave function
der this special condition. The second feature is that th§L3] as an approximation for the helium ground state and
TDCS curves measured with negative and positive helican approximate three-body scattering wave function [14]
ity of the circularly polarized radiation are mirror images for the final state, respectively. The dipole operator was
with respect to reflection at the equal energy sharing linetaken in length form. In Fig. 4(a) the calculated TDCS
This is a consequence of the fact that changing the helicitywas arbitrarily scaled with respect to our experimental

A, =
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