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We have observed coherence between the photoionization of the 2s™*(*S; /) and the 2p~*(*Ps /)
inner-shell vacancy states of argon, and between the 3d~*(*D3/;) and the 3d™!(?Ds,2) inner-shell
vacancy states of krypton. The method is based on the occurrence of interferences between photo-
electrons and Auger electrons, resulting from the photoionization and subsequent Auger decay of
the two states concerned. A parametrization is proposed that describes the observed interference

effects reasonably well.

PACS number(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION
A. Coherence in atomic collisions

An atomic collision process, such as the interaction
between an atom and a photon, can usually proceed
through many different channels, leading to different final
states |p,). Until a measurement takes place, the final
state |®) of the particles after the collision has to be de-
scribed by a coherent superposition of all the possible
final states,

|®) = Ztn lon) 5 (1)

in which the summation may also include an integra-
tion over continuum states. The expansion coefficients
t, represent the transition amplitudes, which describe
the transition to each of the different final states |¢y,).
In an experiment, one usually selects one of the possi-
ble final states |p,) and measures the cross section for
the collision to proceed through that particular channel.
The measurement can be interpreted as the projection of
the final state |®) upon the final state |¢,), selected by
the experimental setup, and the measured cross section
is determined by |tn|2. The transition amplitudes t,, are,
in general, complex numbers and by measuring the cross
section, no information is obtained on the phase differ-
ences, or coherences, between the different amplitudes.
A measurement of the coherence between the excitation
of two states |p,) and |¢,,) involves an analysis of the
interference between the excitation of these states, which
is determined by terms of the type t,t¥,.
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Up until now most coherence measurements have
been performed on the excitation of degenerate mag-
netic substates. These measurements are performed us-
ing electron-photon or electron-electron coincidence tech-
niques [1]. Coherences between states of different en-
ergies are, in general, not easy to observe. For small
energy differences they may be observable as quantum
beats [2]. For larger energy differences, interferences and
hence coherences can only be observed when the differ-
ent excited states can decay to final states that are in-
distinguishable. Such a situation occurs, for instance, in
the near-threshold electron-impact excitation and subse-
quent decay of autoionizing states. In this case, the en-
ergy distributions of scattered and ejected electrons from
different autoionizing states can be made to overlap due
to a broadening and an energy shift of these distributions
as a result of a postcollision interaction [3-5]. Such an
overlap may also be due to a large natural linewidth of
two energy distributions as compared with their energy
spacing [6,7].

Van den Brink et al. [8] have been able to observe co-
herences between autoionizing states of different ener-
gies without employing the natural overlap between such
states, or shifting and broadening effects as caused by
postcollision interaction. Their method was based on
the observation of interferences between scattered and
ejected electrons, resulting from the electron-impact ex-
citation and subsequent decay of different autoionizing
states, with energy separations of a few eV. A number
of experiments have shown striking interference effects in
helium [8,9], and in neon and argon [10].

B. Present experiments

In a recent letter [11] we have shown that the method
of van den Brink et al. can be applied to study the coher-
ences between the photoionization of different inner-shell
vacancy states, which can in principle differ in energy
by hundreds or even thousands of eV. In the case of
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argon we presented experiments showing the coherence
between the photoionization of the 257!(2S;,,) and the
2p71(3P; /2) states lying as far as 75 eV apart. The pur-
pose of this paper is to describe this experiment in some
more detail and furthermore, we will present the results
of a new experiment showing the coherence between the
3d~1(2D3,,) and the 3d~1(?Ds, ;) states of krypton.

Two different inner-shell photoionized states,
At nyf;7' and A% naf;! plus the corresponding pho-
toelectrons, can decay to the same final state by tuning
the photon energy hv such that in the following two pro-
cesses:

At nyft + egh) — A% 4 eg) + eélh)

(2) (2)

hv+A— 4 1 f2) 5
AT noly " +epy — A%T + ey + €ph s

(2)

the energy of the photoelectron esh) becomes equal to the

energy of the Auger electron ef:) , and, consequently (if

the doubly ionized A%* state is the same for both chan-
nels), the energy of the photoelectron egzh) becomes equal

to the energy of the Auger electron 8541). In that case it is
not possible to decide from the detection of an electron
whether it was an Auger electron from one channel or
a photoelectron from the other, and, therefore, interfer-
ence between these two possibilities is expected to occur.
This interference not only depends on the coherence be-
tween the two transition amplitudes describing the pho-
toionization process to the A™ nlll_l and the A1 ngf.;l
states, but also on the transition amplitudes describing
the Auger decay of the A* n;£7! and the At nyf; ' states
to the A2* state plus an Auger electron.

As mentioned before, in our system of photoionization
and subsequent Auger decay it is possible to study co-
herences between the transition to states that are widely
separated in energy. Apart from that, our system bhas
several advantages, but also some disadvantages, as com-
pared with the system of electron-impact excitation of an
autoionizing state in the work of van den Brink et al.

The first advantage is the fact that photoionization
and, to a lesser extent, Auger decay, are phenomena that
are much simpler from a theoretical point of view than
electron-impact excitation of an autoionizing state. Pho-
toionization can be described in the dipole approximation
and this restricts the number of orbital angular momenta
of the photoelectrons to one in case of s vacancies and to
two for vacancies with a higher orbital angular momen-
tum. The second advantage is the fact that in the case
of photoionization the contribution of the direct double-
ionization channel is negligible, whereas in the experi-
ment of van den Brink et al. the contribution of the di-
rect single-ionization channel is quite large. Such a direct
channel, leading to the same final state, interferes with
the two indirect channels, and hence makes the system
more complicated. These two advantages allow an im-
portant simplification of the qualitative theory as given
by van den Brink et al. [9] to describe the observed inter-
ference phenomena. Moreover, these advantages promise
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the possibility to do ab initio calculations that can be
quantitatively compared with our experiment, whereas
it will be very hard to do a calculation that can quanti-
tatively explain the interference phenomena seen in the
experiment of van den Brink et al. These advantages
as compared with the earlier experiments are the main
motivations for the work presented in this paper. The
third advantage is the polarization of the synchrotron
radiation, which gives an extra experimental possibility,
whereas the experiments of van den Brink et al. were
done with a nonpolarized electron beam.

The main disadvantage of the system of photoioniza-
tion and subsequent Auger decay is the fact that an inner-
shell vacancy state can, in general, decay to many dif-
ferent doubly ionized states. To elucidate this we refer
to the processes as given in (2). Suppose the electron
spectrometer is tuned to transmit electrons with ener-

gies equal to the energy of the Auger electron efql). If
then in the coherence experiment an electron is detected,
it may have been the Auger electron e(Al) or the photo-
electron e(zh). Of course, these two possibilities cannot
be distinguished, which accounts for the interference be-
tween the two electrons. If the detected electron was the
Auger electron efql), the whole process of ionization to the
A% ny£;! state and decay to the A% state is fully deter-
mined. However, if the detected electron was the photo-
electron egl), only the ionization process to the A™ nzfgl
state is determined, but this state need not necessarily
decay to the particular final state that leads to interfer-
ence. Therefore, there is an important contribution of
noncoherent processes, which can be overcome in a coin-
cidence experiment, in which both electrons are detected,
or by looking for a suitable combination of states in which
the inner-shell vacancy has a nearly 100% probability to
decay to a certain final state, like in the experiments of
van den Brink et al. In their system of excitation and
subsequent decay of, for instance, helium, the probabil-
ity for a doubly excited, autoionizing state to decay to
the ground state of He™ is nearly 100%.

In this paper, first the qualitative theoretical descrip-
tion as given by van den Brink et al. [9] to describe the
interference phenomena will be summarized and adapted
to our system of photoionization and subsequent Auger
decay. Next, we will present the results of the experi-
ments, in which the coherences between the photoioniza-
tion of two different inner-shell vacancy states are studied
in the cases of argon and krypton.

II. THEORETICAL DESCRIPTION

Van den Brink et al. [9] have been able to give a quali-
tative description of the interference effects between scat-
tered and ejected electrons resulting from the electron-
impact excitation and subsequent decay of different au-
toionizing states. The advantages of working with inner-
shell photoionization and Auger decay, as discussed in
the introduction, lead to a number of simplifications in
this theory. In this section, we will discuss these simpli-
fications and their implications on the parametrization
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of the structures resulting from the interference between
photoelectrons and Auger electrons. Recently, the the-
ory of such interference effects has also been discussed
by Végh and Macek [12] for the case of interferences be-
tween photoelectrons and Auger electrons resulting from
the photoionization of the same inner-shell vacancy state,
and by Végh [13] for the case of interferences between
photoelectrons and Auger electrons resulting from differ-
ent inner-shell vacancy states. Only in the latter case
the coherences between the photoionization of different
inner-shell vacancy states are of importance in the theory.

A. The Auger effect in the context of resonance
scattering

The theory of van den Brink et al. [9] is an exten-
sion of the well-known work of Fano [14], and Fano and
Cooper [15], who described the excitation and subsequent
decay of an autoionizing state in the broader context of
resonance scattering. Such theories account for the fact
that the final state after electron-impact excitation and
subsequent decay of an autoionizing state can, in general,
also be reached through an alternative channel, which
consists of the direct ionization process. The interference
between both channels leads to a typical resonance struc-
ture, the so-called Fano profile, in the cross section for
electron-impact ionization at the scattered and ejected
electron energies.

Van den Brink et al. [9] arrive at an alternative
parametrization to describe the cross section in a reso-
nance. The doubly differential cross section for the emis-
sion of an electron with energy F from an autoionizing
state |a) reads in their case

d2
dEdQ2

—Q2{1+Pe’4’“sm5e"s“+cc} (3)

in which c.c. means the complex conjugate of the preced-
ing term, and Q? is the direct-ionization cross section far
from resonance. The parameters P, and ¢, represent the
amplitude and the phase of the resonance contribution,
and are, just as Q?, assumed to vary negligibly within
the energy width of the resonance. The phase shift §, is
defined by

E*—-F
td, = =——— 4

cotd, T./2 (4)
in which E? is the energy position and I', the width of the
resonance. It can be seen that §, varies rapidly through
m when E traverses the resonance energy. From Eq. (4)
it follows that

: T,/2
—lsa — a
E—Es—il,)2 (5)

—sind,e

If we substitute this equation in (3) we arrive at
d?o 2

dedq - @ (1 B

in which we have introduced the reduced energy €, de-

2P,€cos ¢q + 2P, sing, ) (6)

e +1
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fined as
E - E¢

€= Ta—/z—" (7

From Eq. (6) it can be seen that the cross section consists
of a (nearly) constant background Q?, a symmetric and
an antisymmetric resonance part, the relative contribu-
tions of which are determined by the phase ¢,.

Earlier, photoionization and subsequent Auger decay
have also been described in the context of resonance scat-
tering [16], which justifies the application of the descrip-
tion of van den Brink et al. to the present system. In our
system the indirect channel consists of inner-shell pho-
toionization and subsequent Auger decay, whereas the
direct channel consists of the double-photoionization pro-
cess. Indeed, if the direct and indirect channel are of
a comparable strength, an asymmetric resonance profile
as given by (3) and (6) may be observed in the double-
photoionization cross section at energies pertaining to the
photoelectrons and Auger electrons, but, up until now,
this has only been observed in a few cases [17,18]. Usu-
ally, the cross section for direct double photoionization is
negligibly small and, therefore, the energy distribution of
the Auger electrons has a Lorentzian line shape on a neg-
ligible background. In that case, the resonance line shape
as given by Eq. (6) can be simplified to a Lorentzian by
substituting P, > 1 and ¢, = —7/2 resulting in

d’c  2Q°P, 5
dEdQ e +1° ®
In deriving this equation we have neglected the influ-
ence of post-collision interaction (PCI). In the present ex-
periments the excess energy of the photon is, in general,
of the same magnitude as the Auger-electron energy and,
therefore, the influence of PCI can indeed be neglected,
as has been shown by Borst and Schmidt [19].

B. Interference between photoelectrons
and Auger electrons

We now proceed to extend the theory of van den Brink
et al. [9] to describe the interference between photo-
electrons and Auger electrons, resulting from the pho-
toionization and subsequent Auger decay of two different
inner-shell vacancy states. As seen above, in the two
following processes:

At 7t 4 e(1) — A2+ 4 e(l) (1)

A+ naty 1+ef2) —)A2++e(2) E’i),

hV+A——-){

the photon energy hv can be chosen such that the energy

of the photoelectron e&) becomes equal to the energy of
the Auger electron e(:), and consequently the energy of
the photoelectron e](fh) becomes equal to the energy of the
Auger electron ef:). In that case, the final state of the
two processes cannot be distinguished and interferences
between the two possibilities are expected to occur. To
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describe these interferences we need an expression for
the amplitude describing the transition from the ground
state of the atom plus the photon with energy hv, to a
final state with two free electrons with energies E and
E' and directions 2 and €', respectively, which accounts
properly for the two different channels that lead to this
final state. Following van den Brink et al. we introduce
two matrix elements of a suitable transition operator T,

T, = (EQ;E'Q | T | ), (9)
T, =(E'QY;EQ|T | hv). (10)

T: is the matrix element describing the transition to a
final state with a photoelectron (E,f) and an Auger
electron (E’,Q'), whereas T, describes the complemen-
tary process resulting in a final state with a photoelec-
tron (E’,§Y’) and an Auger electron (E, ). It should be
noted that the energies F and E’' of the two electrons are
related due to energy conservation,

E+E =hv—-E;, (11)

in which F; is the energy of the final doubly ionized state.

In the theory of van den Brink et al. the exact for-
mulation of the operator T' remains unspecified, but in
our system of photoionization and subsequent Auger de-
cay, the matrix elements 77 and T, can simply be given
as [12,13,16]

_ (E'Y | Ve | a) (a; EQ | Hips | hv)
E'— E2 +il,/2 ’

EQ|Vy|a){(a;E'QY | Hin | hv)
E—E +ilq/2 ’

Ty (12)

T, = ¢ (13)

in which |a) and |a') denote the two inner-shell vacancy
states, with energy widths I'; and I[',s and resulting
Auger energies E? and E,‘.‘I , respectively. The right-hand
parts of the two matrix elements represent the inner-shell
photoionization process, in which the Hamiltonian H;y
for the interaction between the photon and the atom can
be approximated by the dipole operator. The left-hand
parts represent the Auger decay, in which the operator
Vel can be taken as the Coulomb repulsion between all
interacting electron pairs. In the derivation of Egs. (12)
and (13) the direct double-photoionization process has
been neglected and also the postcollision interaction be-
tween the photoelectron and Auger electron is not taken
into account [12,13,16].

Returning to the derivation of van den Brink et al. we
can now write for the relevant state |¥,) of the two final
electrons (labeled 1 and 2)

o) ~ (T1 — T2)
o [EQ1)) |E'(2)) — |E'Q'(1)) | EQ(2))
7 .

To account for interference, this expression is properly
antisymmetrized with respect to 1 < 2 permutation.
The triply differential cross section for the transition to
a final state with two electrons (E,Q) and (E’,Q') can
now be given as

(14)
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d3c

— ~ — 2 (
dQdQdE - (‘Ila I ‘Ila> |T1 T2| . (15)

Until this point, the spin states of the two outgoing elec-
trons have not been considered in the theory. However,
the spin is important, since the total final state, includ-
ing the spin state, has to be antisymmetric for 1 < 2
permutations. In the experiment we do not observe the
spin states of the electrons and, therefore, the observed
interference term will be smaller than expressed in (15).
Following van den Brink et al. we find for the case in
which the two electrons are, for instance, coupled to a
singlet state

d3c

d0dYdE "~ [% Ty — Tof* + L |Tu)* + 3 |T2|2] . (16)

The dependence of the cross section on the photon and
electron energy is fully specified by the equations above.
In order to describe the angle dependence of the cross sec-
tion, the angular part of the wave functions for the two
outgoing electrons can be expanded in spherical harmon-
ics. An important simplification arises in this expansion,
since for the photoelectron wave functions only a limited
number of partial waves has to be considered. Due to
the applicability of the dipole approximation and due to
the conservation of parity, a photoelectron ejected from
an inner shell with orbital angular-momentum quantum
number £ can only have an angular momentum specified
by £ — 1 or £+ 1 in the continuum state. More details
on this expansion of the angular part of the wave func-
tions in spherical harmonics are given by van den Brink
et al. [9], by Végh and Macek [12] and by Végh [13].

In our (noncoincidence) experiment only one electron is
detected, which is either the Auger or the photoelectron.
This implies that the detection of photoelectrons (Auger
electrons) is integrated over all directions of the corre-
sponding Auger electrons (photoelectrons). The theo-
retical cross section (16) must, therefore, also be inte-
grated over all directions of the unobserved electron be-
fore it can be compared to the experiment. This integra-
tion yields zero interference terms for spherical harmon-
ics with different £ values. Consequently, interferences
between Auger and photoelectrons can only be observed
if, in addition to their energies, also their orbital angular
momenta are the same.

The theory of van den Brink et al. [9] finally arrives
at a parametrization for the cross section that accounts
for the interference between scattered and ejected elec-
trons resulting from the electron-impact excitation and
subsequent decay of two different autoionizing states

d%c

B0 = Q2(1 + P,e ' sindae """ +c.c. (17)

+P. e sin 5a:e"“§°’ + c.c.

+P, gie " Paa’ gin § e e sin 6 retie 4 ccl),
a,a a

in which the phase shifts §, and 6,/ are defined in a simi-
lar way as in Eq. (4). The equation contains the following
four terms:
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(1) A background due to the direct ionization process.

(2) A resonance profile with amplitude P, and phase
¢. pertaining to the scattered electrons from state |a).

(3) A resonance profile with amplitude P,: and phase
¢a' pertaining to the ejected electrons from state |a’).

(4) An interference term, with amplitude P,, and
phase ¢, 4. This phase is the relative phase between the
ejected- and scattered-electron amplitudes. It contains
the coherence between |a) and |a) plus an additional
phase, which depends on the autoionizing decay.

When applied to our system of photoionization and
Auger decay, we can again modify this parametrization in

2P,
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two ways. First, the direct channel consists in our case of
the direct double-photoionization process, which is neg-
ligibly small. This means that the parameters P, P,
and P, o are all much larger than one. Second, the line
shapes pertaining to the photoelectrons and Auger elec-
trons are Lorentzians, which means that we again may
put ¢ = ¢ = —7/2. Using these modifications plus our
Egs. (5) and (6) we can simplify the parametrization (17).
We now have for the cross section for the emission of an
electron, either the photoelectron or the Auger electron,
at an energy F and a direction §2

1
d?o Q? ( 2P,

dEdQ ~ “ \Z+1 " & +1

in which P, and P, are now the amplitudes for the
photoelectrons and Auger electrons, respectively, and in
which Q? is now the cross section for the direct double-
photoionization process far from resonance. Although it
is assumed that Q? is very small, this does not mean that
also the amplitudes P,, Py, and P, o times Q2 can be
neglected. The reduced energies €, and &, are defined,
similarly as before, by

. _E-E:
a — Fa/z,
. E-E*
€gt = —/———.
L. /2

Far from resonance both €, and &, are very large and
the expression (18) yields a zero cross section. When
one of the reduced energies is near zero, that is, if either
Auger or photoelectrons are detected, the expression (18)
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r
is equivalent to a single Lorentzian line shape. Only when
both €, and &, are near zero, the interference term arises,
which is the case when both Auger and photoelectrons
are detected.

To give some insight in the possible interference pat-
terns that are predicted by the theory, we have plotted
the cross section according to the parametrization (18)
as a function of both the photon and the electron detec-
tion energy, in the region where the photoelectron and
Auger-electron energies are about equal. The detection
energy is varied through the position of the Auger line,
whereas the photon energy is varied through the region
where the photoelectrons from |a) have about the same
energies as the Auger electrons from |a’). The results are
shown in Fig. 1. The height of the surfaces in this figure
gives the cross section for the detection of an electron, ei-
ther the photoelectron or the Auger electron. If there is
no interference between photoelectrons and Auger elec-

FIG. 1. The cross section for the detec-
tion of an electron according to the proposed
parametrization (18) in the region where
the photoelectrons and Auger electrons have
about the same energies: (a) Po = P,» = 2,
Pa,a’ = 0; (b) Pa = Pal = 2, Pa,al = 0.25,

Gaar = 0; (c) Pa = Pyt = 2, Py o = 0.25,
Ga,ar = 7; (d) P, = Py = 2, P, o+ = 0.25,
¢a,al = —1I’/2.
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trons we put P, o/ equal to zero, which results in the cross
section according to Fig. 1(a). The energy of the Auger
electrons does not depend on the photon energy, which
is represented by the Lorentzian-shaped ridge parallel to
the photon-energy axis. The energy of the photoelec-
trons depends linearly on the photon energy, which is
represented by the Lorentzian-shaped ridge at an angle
of 45° to the photon-energy axis in Fig. 1(a). In the
region where both ridges cross, the photoelectrons and
Auger electrons cannot be distinguished, but in this case
there is no interference and, therefore, the two ridges just
add up incoherently, resulting in a peak with twice the
height of the ridges pertaining to the photoelectrons and
Auger electrons.

In Fig. 1(b) we have plotted the cross section with an
interference term. The phase ¢g o/ of the interference has
been taken equal to zero in this case. It can be seen that
in the region where the ridges pertaining to the photo-
electrons and Auger electrons cross, they add up to more
than twice (four times) the original heights. This corre-
sponds to maximum constructive interference.

In Fig. 1(c) we have plotted the cross section with an
interference term, but now the phase ¢, o/ has been taken
equal to 7. In the region where photoelectrons and Auger
electrons are indistinguishable, the cross section has a
minimum equal to zero, which corresponds to completely
destructive interference.

Figure 1(d) shows the cross section with an interfer-
ence term for ¢q 4, = —7/2, which results in a more
complex asymmetric pattern. It can be seen that a
one-dimensional cut through this surface parallel to the
photon-energy axis resembles a typical asymmetric reso-
nance profile with a peak and a dip. In the measurement
of a spectrum the electron yield is usually measured at a
constant detection energy, at a constant photon energy or
at a constant energy loss, defined as the photon energy
minus the detection energy, which corresponds to tak-
ing one-dimensional cuts through the surfaces in Fig. 1,
in directions parallel to the detection-energy axis, the
photon-energy axis or the diagonal, respectively.

III. THE EXPERIMENTAL SETUP

The measurements were performed with a setup com-
bining synchrotron radiation as a photon source and an
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extended cylindrical mirror analyzer (CMA) as an elec-
tron spectrometer. This setup has been described else-
where in detail [20], but a brief outline will be given be-
low.

The photon source consists of the undulator beam line
at the Synchrotron Radiation Source of the Daresbury
Laboratory. This beam line combines a reasonable pho-
ton flux (10! photons/s) with a high energy resolution
(0.05% of the photon energy). The photon beam is refo-
cused by a combination of a spherical and an ellipsoidal
mirror, resulting in a focus point of 0.5x1.0 mm?.

Our CMA has two extensions as compared with a con-
ventional CMA. First, to improve the energy resolution
at high electron energies, the electrons can be retarded
before they enter the CMA, which is done by applying
a retarding potential over two half spheres. The energy
resolution is about 0.7% of the electron energy that is
transmitted by the CMA. Therefore, by retarding elec-
trons of 40 eV (in the experiments on krypton) to 10 eV,
an energy resolution of about 0.07 eV is achieved. Sec-
ond, we can also obtain information on the angular dis-
tribution of the electrons, which is achieved by detecting
electrons emitted in different directions on different sec-
tors of a channel plate. In the present experiments we
have not used this possibility, but, instead, just added up
the signals of the different sectors of the channel plate.
More details on our detection system can be found else-
where [20].

IV. EXPERIMENTS ON ARGON

Argon is the smallest noble-gas atom with more than
one inner shell and provides, therefore, the simplest sys-
tem for the study of coherences between the photoioniza-
tion of different inner-shell vacancy states.

In the experiment presented in this section we have
concentrated on the study of the coherences between the
2s71(2S, ;) state (binding energy Ep=326.5 eV [21]) and
the 2p‘1(2P3/2) (Ep=248.63 eV [22]) inner-shell vacancy
states of argon. These two states (plus the corresponding
photoelectrons) can decay to the same final state in the
following way:

hv + Ar — Art 2s71(2S;2) + ei)lh) — Ar?t 3p~2(1D,) + ef‘;) + esh)

£=1

hv + Ar — Art 2p~1(2P30) + eii)
£=0,2

By adjusting the photon energy such that the energy of
the photoelectron esh) becomes equal to the energy of the

Auger electron ef) and vice versa, the final states of the
two processes become indistinguishable and interferences
are expected to occur. In the previous section it was
seen that, in order to possibly observe interference, not

£=2 £=1

— Ar?t 3p~2(1D;) + ef) + egh).

£=1,3 £=0,2

I

only the energies of the photoelectrons and Auger elec-
trons should be the same, but also their orbital angular
momenta. From the quantum numbers for the orbital an-
gular momentum, indicated below the two processes, it is
clear that this condition can be met for the two channels
that we have chosen.
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FIG. 2. The energies of photoelectrons (es‘)) and Auger

electrons (ef)) as a function of the photon energy. At the
intersection P the proposed interference should be observable.
The bold lines I and II indicate the way in which we have
performed two photon-energy scans which are referred to as
measurement I and II (see text).

A. Experiment

The expected interference should be visible in the de-
tection of the indistinguishable electrons egh) and ef) on
the one hand, and in the detection of electrons egh) and

6541) on the other hand. We have chosen to study the
interference between egh) (257! photoelectrons) and ef)

[Ls — Ma3M,; (1D;) Auger electrons], rather than be-
tween epzh) and eg , since the Auger-electron signal from

the Ar* 257! state (efql)) is rather small.

Figure 2 illustrates the way in which we have per-
formed the measurements. The energies of the Auger
and the photoelectrons are shown as a function of the
photon energy. The Auger electrons have an energy of
203.49 eV [23] which is independent of the photon en-
ergy and are, therefore, represented by the horizontal
line. The photoelectrons have an energy equal to the pho-
ton energy minus the binding energy (326.5 eV) of the
2s inner-shell electron and are, therefore, represented by
the diagonal line. At point P the two lines intersect and
the Auger and photoelectrons become indistinguishable.
The bold lines I and II indicate the way in which we have
performed two photon-energy scans, which we will call
measurement I and II. In both measurements the detec-
tion energy (Eq4) of the electron analyzer is kept constant
and the electron yield is measured as a function of the
photon energy. Measurement I will show a peak consist-
ing of photoelectrons only, whereas measurement II will
show a photoelectron peak on a “background” of Auger
electrons. Hence, interference effects should be visible in
measurement II.

The electron energy in the present experiment is typi-
cally 200 eV. By retarding the electrons to 50 eV a reso-
lution of about 0.4 €V is achieved. The photon energy is
typically 530 eV, with a bandwidth of about 0.27 eV.

B. Results and discussion

Figure 3 shows the results of the measurements. Mea-
surement I, according to scan I in Fig. 2, is shown in

4019

electron yield
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526 528 530 532 534
photon energy (eV)

FIG. 3. (a) Art 2s™! photoelectrons (egh)) as a function
of the photon energy at a detection energy of 202.37 eV, (b)
Ar* 257! photoelectrons at a detection energy of 203.49 eV.
In this case the background contains Ar L3 — M23Ma3 (' D2)
Auger electrons. The solid line indicates a fit without inter-
ference. (c) Same measurement as in (b) but the solid line
represents a fit using a parametrization containing state-state
interference.

Fig. 3(a). The detection energy is set to 202.37 eV. This
energy does not correspond to any Auger energy. The
measurement is the sum of two separate measurements,
each of which took about two hours. The solid line indi-
cates a least-squares fit (x2 = 1.22) of a Lorentzian line
shape to the data. It is seen that the line agrees well
with the data. The peak position of the line was found
to be 528.874+0.02 eV and the peak width 2.44+0.09 eV.
To determine the width of the ArT 2s71(25; ;) state we
have to consider both the transmission profile of the elec-
tron analyzer and the energy profile of the photon beam.
In our previous letter [11] we reported a resulting value
of 1.9+0.2 eV for the linewidth, but by that time we
had only limited knowledge of the transmission profiles.
In the meantime we have measured both the transmis-
sion profile of the electron analyzer and the energy profile
of the photon beam and by deconvoluting the measured
Ar* 2571(2S)/,) line shape with these profiles, we found
a linewidth of 2.27+0.08 eV, the small error being due to
the improved statistics in these measurements. It can be
seen that our former estimate of the linewidth was too
small, but the present value is in perfect agreement with
both the most recent experimental value of 2.25 eV [24]
and the most recent theoretical value of 2.3 eV [25].
Measurement II, according to scan II in Fig. 2, is
shown in Fig. 3(b). The detection energy is now
203.49 eV, which corresponds to the energy of the Lz —
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May3 M3 (1D2) Auger electrons. Again this is the sum
of two separate measurements, each of which took three
hours. It is important to point out that only the de-
tection energy is different from that in measurement I.
This is achieved by changing the potential on the re-
tarding spheres, which can be done very accurately by
a computer-controlled digital-to-analog converter. The
other potentials as well as the photon-energy interval
are left unchanged. If we assume that interference be-
tween Auger and photoelectrons does not occur, mea-
surement II [Fig. 3(b)] should exhibit the following two
features:

(1) The position of the photoelectron peak should
change relative to its position in measurement I by the
same amount as the change in detection energy. The de-
tection energy is changed by 1.12 eV. The peak position
should, therefore, be at 529.99 eV.

(2) The ratio between the photoelectron peak and the
“background” is known beforehand and should be 6.79.
The background in measurement II consists of Auger
electrons and experimental noise. The ratio of the noise
to the photoelectron peak can be found from measure-
ment I, and was found to be 1.86. Moreover, this ratio
appeared to be independent of the photon flux, which
decreases gradually during a measurement. The Auger
to photoelectron peak ratio was determined by taking a
spectrum in which both Auger and photoelectrons can be
seen. This measurement, which is not shown here, gave
an Auger to photoelectron ratio of 4.93. In measure-
ment II the background to peak ratio should, therefore,
be 1.86+4.93=6.79.

In Fig. 3(b) the solid line indicates a least-squares fit
(x? = 2.44) to the data of a Lorentzian line shape, which
satisfies both conditions mentioned above: the peak po-
sition is held fixed at 529.99 eV and the background to
peak ratio is taken to be 6.79. The width of the line is
again taken to be 2.44 eV. Only the multiplication factor
of the whole curve is a variable parameter. It is clear that
the line does not agree very well with the data. The ex-
perimentally found peak position is shifted relative to the
position where it should be. Also, the symmetrical line
shape of the fit is not in agreement with the asymmetrical
shape of the experimental data. We attribute the differ-
ences between the measurement and the Lorentzian fit
to the interference between the Auger and the photoelec-
trons. In the following we will show that measurement II
can be described much better by including interference.

In measurement II the electron yield is measured as a
function of the photon energy, but the detection energy

is held constant and is equal to the energy of the Auger
J

electrons. In the parametrized line shape as given by
our Eq. (18) we may, therefore, substitute E = E® (or
€, = 0), which results in

d%o Q2< 2P,

dBdn ~ 9 \@gq Tk

2P, 41 COS @a,qr — 2Py 1€ 5IN g o
+ Z31 ) . (19)
This expression contains three terms, the first represent-
ing the Lorentzian profile pertaining to the photoelec-
trons, the second the constant background pertaining to
the Auger electrons and the third representing the inter-
ference term.

The ratio between P, and P, is known and equal
to 4.93, as has been argued above. Figure 3(c) shows
again measurement II, but now with the solid line rep-
resenting a least-squares fit (x2 = 1.09) to the data
of the parametrized line shape containing interference
according to Eq. (19). The only free parameters are
P, . /P, and ¢4, . The known resonance position E?
is held fixed at 529.99 eV and the width T', is taken
equal to 2.44 eV, as found from measurement I. It is
clear that the measurement is much better described by
the parametrization, which includes interference between
Auger and photoelectrons. For the relevant parameters
we find P, 4 /P, = 0.28 +0.02 and ¢, o = 130° £ 10°.

V. EXPERIMENTS ON KRYPTON

Krypton is the next noble-gas atom after argon and
experimentally it has the important advantage that the
3d inner shell is energetically more easily accessible than
the inner shells in argon. The binding energy of the 3d
electrons is about 90 eV and the resulting Auger ener-
gies range from 25 to 55 eV. The important advantage is
that at such relatively low photon and detection energies,
the resolution of both the photon beam and the electron
analyzer is much better than at higher energies.

In the experiment we have concentrated on the coher-
ences between the  photoionization of  the
3d"1(®D3,2) (Ep=95.04 eV [22]) and the 3d~'(*Ds/,)
(Ep=93.79 eV [22]) inner-shell vacancy states. Similarly
as before, these two states plus the corresponding pho-
toelectrons can decay to the same final state, by tuning
the photon energy hv such that in the following two pro-
cesses:

hv + Kr — Kr* 3d71(*Dy,,) + ei,lh) — Kr2t 45~ Mp~1(1P) + € + 6;1},)

£=1,3

hv + Kr — Krt 3d7!(2Ds;5) + eézh) — Kr?t 457 Y4p~1(1P) + ef‘f) + e?

£=1,3

£=1,3 £=1,3

ph>
£{=1,3 £=1,3

(2)

the energy of the photoelectron egh) becomes equal to the energy of the Auger electron e,’, and, consequently,

the energy of the photoelectron el()zh) becomes equal to the energy of the Auger electron e

qu). Again, we have
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to make sure that, in addition to their energies, also the
orbital angular momenta of the photoelectrons and Auger
electrons can be the same. From the processes above it
can be seen that this condition is met for the two channels
that we have chosen.

A. Experiment

The expected interference should be visible in the de-
tection of the indistinguishable electrons e(lh) and ef‘f)
on the one hand, and in the detection of tﬁe electrons
el()zh) and e‘(Al) on the other hand. We have chosen to

study esh) (3d;/12 photoelectrons; Ep=95.04 eV) and ef‘f)

(Ms — N1N23 (1P;) Auger electrons at 37.67 eV [21]),
rather than the other electron pair, because the electron

yields of eglh) and ef) are of comparable size, which makes
it easier to observe the effects of interference.

In preliminary measurements, similar to those dis-
cussed in the case of argon, the effects of interference ap-
peared to be very small and, therefore, we have chosen for
a different approach to look for the interference. Figure 4
shows the way in which we have performed the measure-
ments. Again, the energies of photoelectrons and Auger
electrons are shown as a function of the photon energy,
with the Auger electrons represented by the horizontal
line and the photoelectrons represented by the diagonal
line. At the intersection of the two lines, the photoelec-
trons and Auger electrons become indistinguishable and
the proposed interference is expected to occur. Several
bold lines are drawn to indicate the way in which we
have performed a number of so-called constant-energy-
loss measurements. In each measurement the electron
yield is recorded while varying the photon and the de-
tection energy simultaneously, keeping the difference be-
tween the two energies, the energy loss AFE, at a constant
value. All the measurements contain a peak pertaining
to the Ms — Ny No3 (1P;) Auger electrons. Moreover, if

detection energy

)

eph

photon energy

FIG. 4. The energies of photoelectrons (esl) ) and Auger

electrons (ef:)) as a function of the photon energy. At the
intersection the proposed interference should be observable.
The bold lines indicate the way in which we have performed a
number of measurements in which the photon and the detec-
tion energy were varied simultaneously, keeping the difference
between the two energies at a constant value, the so-called en-
ergy loss AE (see text).

AE is equal to the binding energy of the 3d3/; inner-
shell electrons (95.04 €V), the measurement will contain
a continuous background of 3d; /12 photoelectrons. The
idea is that, going from measurements in which AFE is
slightly below 95.04 eV to measurements in which AF
is slightly above 95.04 eV, the effects of interference will
manifest themselves as systematic changes of the peak
position of the Auger line. If interference plays no role,
this peak position will occur at the same energy in all
of the measurements schematically indicated in Fig. 4.
However, looking again at, for instance, Fig. 1(c) or 1(d),
it can be seen that if interference does play a role, the
peak position of the Auger line may be shifted relative
to the nominal position. Since the peak position of a line
is one of the most accurate quantities that can be ob-
tained from the measurements, it can be expected that
this method is the most sensitive one to investigate the
effects of interference.

The electron energy in the present experiment is typ-
ically 40 eV. By retarding these electrons to 10 eV, an
energy resolution of 0.07 eV is achieved. The photon
energy is typically 130 eV, with a bandwidth of about
0.04 eV.

B. Results and discussion

Figure 5 gives one of the many different constant
energy-loss measurements, as indicated schematically in
Fig. 4. The constant energy loss AF is equal to 94.74 eV
in this case, 0.3 eV below the binding energy of the 3d3/,
inner-shell electrons. Since the background does, there-
fore, not contain photoelectrons, there should be no in-
fluence of interference. The measurement took about 15
minutes and it is clear that the peak position can be de-
termined very accurately by making a linear least-squares
fit of a Lorentzian profile to the data, of which the result
is shown as a full curve in Fig. 5. The uncertainty in
the determination of the peak position is about 0.002 eV
and is mainly due to very small variations of the power
supplies that provide the potentials on the CMA and the
retarding spheres.

We have performed a total of three series of constant-

2000 B
1500 h

1000 a

electron yield

500

372 374 376 378 380 382
electron energy (eV)

FIG. 5. The Ms — N1 N23 (*P;) Auger line of krypton as
measured while varying the photon and the detection energy
simultaneously, keeping the difference between the two ener-
gies equal to 94.74 eV. The full line indicates the result of a
linear least-squares fit of a Lorentzian line shape on a linear
background to the data.
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energy-loss (CEL) measurements to study the interfer-
ence effects. Each series contains a total number of 13
CEL spectra, in which the energy loss AE takes on the
different values from 94.74 eV (0.3 eV below 95.04 eV) to
95.34 eV (0.3 eV above 95.04 eV) with steps of 0.05 eV.
In the first series the different CEL spectra are measured
for increasing values of AE, that is from left to right in
Fig. 4. In the second series the different CEL spectra are
measured for decreasing values of AFE, that is from right
to left, and in the third series the different CEL spectra
are measured in random sequence. In this way we are
sure that none of the observed changes in the peak po-
sitions could have been caused by possible drifts in the
applied voltages.

Each of the three series showed a similar dependence
of the peak position of the My — N; No3 (1 P;) Auger line
as a function of the constant energy loss AFE in the CEL
measurement. The average of the three series is shown
in Fig. 6. The uncertainties in the averaged peak posi-
tions are estimated to be about 0.0013 eV, i.e., v/3 times
smaller than the uncertainty of 0.002 eV as found for
the individual CEL measurements. It can be seen that
the peak position of the Auger line does depend on the
value of AE. For values of AF slightly below 95.04 eV
the dependence shows a positive energy shift relative to
the nominal peak position of 37.67 eV of the Auger line,
whereas for values of AE slightly above 95.04 eV the
dependence shows a small negative energy shift. The
effects of interference are indeed very small, as the en-
ergy difference between the largest positive and negative
energy shifts is only about 0.01 eV, but the changes in
the peak position are definitely outside the experimental
uncertainties as indicated in Fig. 6.

The full curve in Fig. 6 is drawn according to the pre-
dicted dependence of the Auger peak position on the con-
stant energy loss AF, as derived from our parametrized
line shape (18). In a CEL measurement the reduced en-
ergy €, is a constant, whereas the reduced energy €, is
the parameter as a function of which the electron yield
is measured. From Eq. (18) it can be seen that the de-

37.676
37.674 -
37672

37.670

peak position (eV)

37.668

94.8 95.0 95.2 95.4
constant energy loss (eV)

FIG. 6. The peak position of the M5 — N1 Na3 (* P;) Auger
line of krypton as a function of the constant energy loss AE,
as obtained in a number of different constant energy-loss mea-
surements. AE varies from 0.3 eV below to 0.3 eV above the
binding energy of the 3d;,, inner-shell electrons (95.04 eV).
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pendence of the cross section on €, can also be written
in the following way:

d’c Aé, + B (20)
dEdQ e, +1
in which the parameters A, B, and C are given by
€q COS Pg o — SIN Pg o
A= Q%2P, > — 22 al 21
Q2R e+1 21)
2 cos ¢a a' — €q sin ¢a, a'
= ’ : . 2Pal N 22
5= (27, bee fetibes Lop ), ()
2P,
C=Q? = +"1. (23)

It can be seen that the parameters A, B, and C do not de-
pend on the reduced energy &,/, and, therefore, Eq. (20)
is similar to the expression for a Fano profile in the Shore
parametrization [26]. The reduced energy €yax at which
the profile reaches a maximum value can easily be derived
from Eq. (20) to be

_ B 1 2 2

€max = A+A A2 + B2, (24)
Together with the expressions given above for A and B
this gives us the reduced peak position €yax of the Auger
line, as a function of the reduced energy loss &,, with the
parameters Py, Py o/, and ¢g q.

To give some insight in the kind of dependence that is
described by our Eq. (24), we will show that this equation
is in fact a reasonable approximation to the expression
for a Fano profile in the Shore parametrization [26]. If the
amplitude P, o for the interference term is much smaller
than the amplitude P,: pertaining to the Auger electrons,
as seems to be the case in the present experiment on
krypton, the value of B, as given in Eq. (22), will be
much larger than the value of A, as given in Eq. (21).
This implies that we can approximate the peak position
€max as defined by (24), which yields

B N A
€max ~ ﬁ
Pt (€4COS g0 — SiNPg or)
2P, 0/(COS @g 0 — €aSiNg o) + 2Py (€2 + 1)

If we neglect in the denominator of this expression the
term proportional to P, o/, which is, as we have already
seen, small as compared with P,., we finally arrive at

s = P, o € cos ¢a_,a' — sin@q,q ’ (25)
2Pal 6(21 +1

which can indeed be seen to be equal to a Shore profile
[see Eq. (20)].

The full line in Fig. 6 is drawn according to the nonap-
proximated Eq. (24) and by using the values P,/ /P, o0 =
75, Pa,ar = 135° and I'; = 0.11 eV. It can be seen that
there is a good agreement between the experimental re-
sults and the predicted dependence on the energy loss.
Because of the limited number of data points we have
not tried to fit with a computer the dependence (24) to
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the data. The given fit has been determined by out-
wardly looking for the best curve through the data, the
corresponding value of x2? being equal to 0.93. In the
same way we are also able to establish the uncertain-
ties in the given values of the parameters, and we ar-
rive at Py /P, o = 75 £ 13, ¢g = 135° % 18°, and
T';, = 0.11 £ 0.04 eV. The latter value is within the ex-
perimental uncertainty equal to the natural linewidth of
0.10+£0.01 eV as given by Svensson et al. [27] and the
value of 0.098+0.012 eV as given by King et al. [22]. Of
course, the measured width is influenced by the trans-
mission profile of the electron analyzer and the energy
profile of the photon beam. However, since the width of
both apparatus profiles is narrower than the measured
width, we assume that their influence is only small, as in
the case of argon.

VI. CONCLUSION AND FUTURE

‘We have observed the coherence between the photoion-
ization of different inner-shell vacancy states of argon and
krypton. This coherence could be observed by measur-
ing interferences between photoelectrons and Auger elec-
trons. The resulting interference effects can qualitatively
be well described using a simplified version of the theory
as given by van den Brink et al. [9].

More work is needed in the future to understand also
quantitatively the presently observed interference effects.
Theoretically, it seems feasible to perform ab initio calcu-
lations to explain quantitatively the presently observed
interference phenomena. The present experiments pro-
vide an important test on a very fundamental level for
such calculations.

The present method of noncoincident detection of the
electrons can be used to gain further information on
the interference. Consider again the scheme as given in
Eq. (2). The present experiments have paid attention
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to the interference effects that occur in the detection of
one electron pair, for instance el(,lg and ef), if the pho-
ton energy is chosen such that these electrons have the
same energy. The interference in the detection of the
alternative electron pair, e(i) and efql), should give com-
plementary information. Moreover, it should also be pos-
sible, at another photon energy, to observe interference
between eglh) and 3541)’ and, at yet another photon energy,

to observe interference between egzh) and e&f), that is be-
tween the photoelectrons and Auger electrons resulting
from the photoionization process of the same inner-shell
vacancy state. A first attempt to observe interference
effects of this kind has been described by Schmidt [28].
These experiments should also give complementary in-
formation and hence it should be possible to determine
from the experiment the phases pertaining to the coher-
ence in the photoionization process separately from the
phases pertaining to the Auger decay.

A much more advanced experiment would involve a co-

incident detection of the electrons eSl) and e‘(f) on the one

hand, and e}(,zh) and ef;) on the other hand. In the near
future such coincidence experiments should be feasible
using the next-generation synchrotron-radiation sources,
such as the Advanced Light Source in Berkeley and the
synchrotron in Trieste which have recently become avail-

able.
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