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Complete Fragmentation Pattern for Two-Step Double Photoionization in Xenon
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An extensive study of the 4dsp. photoionization in xenon is presented which allows, through the obser-
vation of the coincident A' s-O230&3 So Auger electron, the establishment of the first complete fragmen-
tation pattern for two-electron emission with information on the momenta and the spin projections of
both electrons.

PACS numbers: 32.80.Fb, 32.80.Hd

If some external interaction causes a composite system
to break up into its constituents, a typical fragmentation
pattern arises. A simple case is given by single photoion-
ization in free atoms where the breakup yields two parti-
cles only, the ion and the photoelectron. Because of the
large mass of the atom (ion), the reference frame can be
centered at the atom. Applying the dipole approximation
and using linearly polarized light, the electric-field vector
provides a convenient reference axis against which the
fragmentation pattern can be described. In this case the
pattern is determined by the observables of the emitted
photoelectron, i.e., its momentum vector (including its en-

ergy value) and its spin polarization. While the measure-
ment of the angular and energy distributions is common
practice in photoionization studies, the fragmentation
pattern including the spin requires angle-resolved spin-
polarization measurements which are still rare due to ex-
perimental di%culties. Nevertheless, a detailed under-
standing can be achieved for this process [I]. In contrast,
nothing is known about the complete fragmentation pat-
tern for the case of two-electron emission where the mo-
menta (including the energies) and the spin polarizations
of both ejected electrons are connected and prevent a sim-

ple picture. Obviously, the study of such a fragmentation
pattern requires a coincidence experiment. The first in-
vestigations of this challenging problem concentrated on
direct double photoionization [2,3], where the energy and
angle dependences of the fragmentation pattern were in-
vestigated. In this Letter we present the study of a
specific two-step double photoionization process, 4dq~2

photoionization in xenon with a subsequent N5-
023023 Sp Auger transition, where the presence of the
Auger electron can be used to complete the information
about the photoprocess such that the first fragmentation
pattern for two-electron emission with information on the
momenta and the spin projections of both coincident elec-
trons can be established.

The experimental method is angle-resolved electron
spectrometry [4] of the 4d5iq photoelectron and the iVq-

0$3023 Sp Auger electron measured in coincidence. The
experiment was performed at the electron storage ring
BESSY in Berlin at the toroidal grating monochromator
TGM5 of the undulator beam line. Proper tuning of the
harmonics of the undulator light to 94.5-eV photon ener-

gy provided high photon flux and a high degree of linear
polarization [Stokes parameters 5 ~

=0.957(5) and Sq
=0.0]. A high linear polarization is important because
the angular correlation between the photoelectron and the
Auger electron depends also on the circularly polarized
component of the incident light (Stokes parameter 53)
which cannot be determined directly at present. Coin-
cidences between the 4dq~2 photoelectron and the Ng-

0230$3 Sp Auger electron were measured by placing the
analyzer for the 4dpy& photoelectron in a fixed position
(azimuthal angle pi =150', polar angle H~ =90 ), but

varying the position of the double-sector analyzer (P2
variable, 62=90') which scans the IVY-023023 'So Auger
line. The measured counting rate was corrected for the
contribution of false coincidences, and the angle-
dependent shift of the Auger line due to the post-collision
interaction [5-7] was taken into account in the evaluation
of true coincident intensities. The result is shown in Fig.
1 as points with error bars, and the solid line comes from
a least-squares fit according to a theoretical relation (see
below). Two interesting aspects of the observed angular
distribution can be noted. First, neither the electric-field
vector nor the direction of the photoelectron determines
the symmetry. Second, at least two diAerent loops appear
which exhibit the presence of higher terms of the angular
functions involved. Both aspects are comprised in the
theoretical expression [8]

d o = A, +A2cos2&&+B~sin2&~
dn]dna

+A 4 cos4pp+ 84 sin 4/2 .

For a fixed direction of the emitted photoelectron, the
coe%cients 8; and 8; depend on the polarization of the
incoming light and on the matrix elements describing the
processes. The two-step formulation leads to a factoriza-
tion for quantities belonging to the first and the second
step, respectively. From the fitting procedure relative
values for the coefficients are obtained (the finite size of
the acceptance angles of the electron analyzers was taken
into account).

The selected two-step process has the advantage that
only one partial wave is possible for the emitted Auger
electron. Hence, the numerical factors of the second step
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are known and the ratios of the coe%cients 2;/Ao and
B;/Ao depend in a nontrivial way on the photoprocess,
and they provide four pieces of information. If this result
is combined with our experimental data for the photoion-
ization cross section, a (4d g2) = 12.2(1.5) Mb (cf.
[9,10]), for the noncoincident angular distribution pa-
rameter of the photoelectron, P(4dg2) =0.35(1), and
for the noncoincident alignment parameter, Aqo( & )
= —0.230(15) (cf. [11]),the values of the dipole matrix
elements together with their relative phases can be evalu-
ated for all three photoionization channels. They are

Channel

4d5/2 ~p3/2

4ds/2 &fsa
4ds7) ~fv2

J Matrix element

D] =d]e"'
D2 =d2e
D3 =d3e

with the following results at 94.5-eV photon energy:

given by [for the definition of the matrix elements D; see
Ref. [12]; for the special case of (LS)J coupling with
only two matrix elements see Ref. [131]

d~ =0.138(22) a.u. ,

d2= —0.131(17)a.u. , A~
—Aq=3. 04(10) rad, second solution with 3.24(10) rad,

d3= —0.474(59) a.u. , A2 —63=1.35(10) rad, second solution with —1.35(10) rad.

Generally the relative phases occur in the equations for
the observables as sine and cosine values, and both are
needed in order to decide in which quadrant the desired
phase diA'erence lies. In the present case, the sine value is
connected with the Stokes parameter S3 which is un-

known, too. Therefore, from the experimental data S3
has to be determined also, but at the expense of a sign
ambiguity for this quantity [Ss= ~0.17(5)] and two
solutions for the phase diAerences 4] —h2 and h2 —h3.
Only two such phase differences are quoted, because

A3 simply follows from the other two, and the overall
common phase is irrelevant. The established dipole ma-
trix elements d; and their relative phases represent a com-
plete set for describing 4d5/2 photoionization in xenon at
94.5-eV photon energy [14].

Even though highly sophisticated calculations for 4d
photoionization in xenon exist and lead to perfect agree-
ment with the experimental data [cf. Refs. [15,16]; for
relativistic RPA (RRPA) calculations cf. Refs. [17,18]],
the possibility of deriving experimental values of dipole
matrix elements was not considered, so that theoretical
values for these quantities are not available at present
[19]. lf the experimental values of the above dipole ma-
trix elements are used to calculate n', Pt, h, and A2o, the
experimental values are reproduced of course. In com-
parison to RRPA calculations [17], o(theory) is consider-
ably higher due to diferent relaxation processes not in-
cluded in conventional RRPA. However, P„h(theory)
=0.38 is in good agreement with the experimental value.
This has to be ascribed to the fact that this quantity con-
tains the matrix elements in the numerator and denomi-
nator, thus eliminating a common scaling factor. The
latter aspect is important also for the observables of spin
polarization, where it follows that g(expt. ) = —0.70(16),
t)(expt. ) = + 0.04(19), and g(expt. ) = —0.08(7) while
the theory (adapted to the experimental binding ener-

gy) gives g(theory) = —0.57, g(theory) = —0.18, and

1,'(theory) = —0.26.
On the basis of the experimental values for the dipole

matrix elements, and taking advantage of the simplicity
of the Auger transition with one partial wave only, we
are able to proceed one step further and derive the com-
plete fragmentation pattern for the coincident two-step
electron-pair emission, including not only their momenta,
but also their spin polarization. For this purpose, we
have evaluated by the method of statistical tensor algebra
the general expression for the fivefold diAerential cross
section d o/dO~ dt)2dEds~dsz from which any desired
information can be extracted. As an illustration we select

FIG. 1. Polar plot of coincident intensities between the 4dq/2

photoelectron and the N~-O~&073 'So Auger electron in xenon.
The photon beam passes the origin and is perpendicular to the
plane of drawing; its main component of linear polarization (de-
scribed by S~) is indicated by E. the 4dsp photoelectrons are
observed in the direction e„h. The intensities of true coincident
Ws-O2&023 'So Auger electrons are given as points with error
bars. The solid line represents the result of a least-squares fit
according to the theoretical expression (see text).
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the diametric emission of both electrons in a plane perpendicular to the photon beam and with an angle of 30 with
respect to the electric-field vector. If the spin of the photoelectron is measured in the detector frame, the result for the
spin-polarization vector of the Auger electron (in its own detector frame) can be predicted. This quantity is represented
by the matrix P (s~, m, , ) which gives the Stokes parameter P for the spin of the Auger electron when the
photoelectron's spin s~ is found to be m, , in a preselected direction s~ =(x~,y~, z~). For the above geometry and 94.5-eV
photon energy we obtain (note the two solutions for the relative phases)

P(x2t x2l xit) ~(y2t —y2l, xit)
P(x2t x2l xi l ) P(y2t —y2l, xi l )
P(x2t x2l, yI t »(y21 y2J, yi t)

P( )(s
P(x21 —x2l, yi l) &(y2t —yzl, yil)
P(x2t —x2l, zest) P(y21 —y~l, zest)

, p(x2t x2l z I l ) P(y21 y2l z 1 l )
—1.00 0.00 0.00 —1.00

1.00 0.00 0.00 1.00
—0.03 0.83 0.56 0.03
—0.03 —0.83 —0.56 0.03
—0.03 —0.56 0.83 0.03

, —0.03 0.56 —0.83, , 0.03

P( zt-
l, l)

P(z2t —z2$, yI t )

P(zest —zan, y( J)
~( t-

l, l),
0.00 0.00
0.00 0.00
0.83 0.56

—0.83 —0.56
—0.56 0.83

0.56 —0.83,

The first, third, and fifth rows of this matrix are present-
ed graphically in Fig. 2 and allow the following interpre-
tation: From part (a), if the x component of the
photoelectron's spin (opposite to the photon beam) is
measured, the spin-polarization vector of the Auger elec-
tron has a nonvanishing x component only in the opposite
direction. This describes a singlet state for the total spin
of the emitted electron pair, a situation which can be an-
ticipated by the Russell-Saunders coupling scheme.
However, relativistic efIects can be expected for the heavy
element xenon and, hence, contributions of triplet states.
According to the couplings of angular momenta (p and f
for the orbital angular momenta of the photoelectron and
d of the Auger electron) and having J= 1 for the total
angular momentum of the electron-pair function, P] and

O~ states are possible in addition to 'P]. As can be seen
directly from parts (b) and (c) of Fig. 2, such contribu-
tions from triplet states are present, because the spin-
polarization vector of the Auger electron is no longer op-
posite to the selected spin of the photoelectron. However,
it should be kept in mind that details for the spin S of the
electron-pair wave function cannot be extracted from the
simple picture used to describe the complete fragmenta-
tion pattern of Fig. 2. For such studies the density matrix
[p(S,S')]~, M, must be worked out l20]. Nevertheless,
the example provides a means of deriving information
about the hitherto unknown two-electron continuum wave
function from the complete fragmentation pattern of
two-step double photoionization.
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FIG. 2. Complete fragmentation patterns for coincident
4d v)~ photoelectron and A'~-023023 So Auger electrons in a
plane perpendicular to the photon beam (complete linear polar-
ization with electric-field vector E). The spin of the photoelec-
tron (indicated by the open arrow) is preselected to lie (a) in

the x~ direction, (b) in the y ~ direction, and (c) in the z ~
direc-

tion; for the coincident Auger electron the associated spin-
polarization vector P (si, m,

,
) is shown. The two solutions for

the relative phases yield, for parts (b) and {c),a spin polariza-
tion of the Auger electron which points above and below the
plane of drawing, respectively.
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