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Final ion-charge resolving electron spectroscopy for the investigation
of atomic photoionization processes: Xe in the region of the 4d˜ef resonance

T. Luhmann, Ch. Gerth, M. Groen, M. Martins, B. Obst, M. Richter, and P. Zimmermann
Institut für Atomare und Analytische Physik, Technische Universita¨t Berlin Hardenbergstrasse 36, 10623 Berlin, Germany

~Received 12 August 1997!

Electron-ion coincidence spectroscopy of energy-analyzed electrons and charge-separated ions is used to
investigate complex decay processes of atoms after inner-shell photoionization with monochromatized syn-
chrotron radiation. Improvements in the experimental technique allow a complete electron spectrum resolved
into the different contributions of the final ion-charge states to be measured. This method of final ion-charge
resolving electron spectroscopy is demonstrated by the example of xenon for different photoionization pro-
cesses in the region of the 4d→e f resonance.@S1050-2947~98!04401-1#

PACS number~s!: 32.80.Fb, 32.80.Hd
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I. INTRODUCTION

Photoionization studies of complex decay processes o
oms after inner-shell excitation usually take advantage of
detailed information obtained from photoelectron spec
For a deeper insight into the different decay routes, howe
the results of photoelectron spectra may be combined w
those of photoion spectra, which give the different cha
states of the photoions as final products of the decay
cesses. The best combination of both is realized by the t
nique of photoelectron-photoion coincidence spectrosco
whereby one can relate an initial ionic state designated
the photoelectron signal to the final charge state of the p
toion after deexcitation by fluorescence or Auger decay.

Photoelectron-photoion coincidence spectroscopy has
ten been applied to study threshold electrons in noble g
@1–5#. This approach has the advantage of a high ang
acceptance for ‘‘zero volt’’ electrons. Photoelectro
photoion coincidence studies with energy-resolved pho
electrons were presented by Shigemasaet al. @6# in the 3d
region of Kr, by Kämmerling et al. @7# in the 4d region of
Xe, and by Baieret al. @8# in the 4d region of Ba. A further
development of the method was achieved by Luhmannet al.
@9# who succeeded in recording a complete electron spect
resolved into the different contributions of the final io
charge states. For this kind of electron spectroscopy the
breviation FIRE~final ion-charge resolving electron! spec-
troscopy was proposed.

Due to the different angular acceptance of ener
analyzed electrons and charge-separated ions, the main
lem for such a coincidence experiment is the distinction
tween ‘‘true’’ and ‘‘false’’ coincidences. The demand for
low number of false coincidences thereby is in contrast w
the need for a short data accumulation time. This difficulty
the coincidence measurements is even more pronou
when satellite processes are investigated, which have a
cross section in comparison with the main photoionizat
processes. In these cases the main processes due to
different ionization energies are separable in the elec
‘‘branch’’ but still act as ‘‘background’’ processes in the io
‘‘branch’’ and drastically increase the number of false co
cidences. The experimental setup and method will be
571050-2947/98/57~1!/282~10!/$15.00
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cussed in this paper, the evaluation procedure to solve
problem of false coincidences is discussed in detail in R
@10#. The power of the method will be demonstrated
photoionization of Xe in the region of the 4d→e f reso-
nance.

II. EXPERIMENT

In our experiments we have investigated the photoioni
tion of free atoms by energy-analyzed photoelectro
photoion coincidence spectroscopy. A correlated analysi
electron-ion pairs is performed by combining photoelectr
and photoion spectroscopy. In coincidence measuremen
is essential~a! that both spectrometers have a common g
metrical acceptance area, and~b! that the time correlation of
coincident electron and ion signals is preserved by the e
tronics.

A. Basic setup

Figure 1 illustrates the experimental setup and its m
important components. A continuous beam of free ato
which is produced either by a gas nozzle~gaseous samples!
or by an atomic beam source~solid or liquid samples!,
crosses a beam of monochromatized synchrotron radia
~SR!. In the present experiments on Xe the SR was provid
by the toroidal grating monochromator TGM4 at the electr
storage ring BESSY in Berlin~Germany!. Photoemitted elec-
trons are analyzed for their kinetic energye by a cylindrical
mirror analyzer~CMA!, corresponding ions are separated
their mass to charge ratiom/q using a Wiley-McLaren type
time-of-flight spectrometer~TOF! @11#. In both analyzers,
particle detection is performed by two-stage microchan
plates~MCP!.

To account for the angular distribution of photoelectron
the CMA only accepts electrons with an angle of emiss
close to the ‘‘magic’’ angle~54.7°61.7° with respect to the
spectrometer axis!, thereby integrating an azimuth of 180
This results in an accepted solid angle of 1.22% of 4p with
respect to a point source centered in the interaction region
comparison with a ‘‘full’’ 360° CMA, whose accepted soli
angle is twice as large, the atomic beam source can, wi
180° CMA, be located much closer to the spectrometer a
282 © 1998 The American Physical Society
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57 283FINAL ION-CHARGE RESOLVING ELECTRON . . .
@Fig. 1~b!#, yielding a beam density up to ten times higher
the interaction region. The accepted solid angle has the
eral surface of a half cone, as shown in Fig. 1~c!. The CMA
has a measured energy resolutionDE/E of 1.00~7!%.

While electrons with an appropriate angle of emiss
reach the CMA due to their kinetic energy, thermal pho
ions are accelerated towards the TOF by an electrical ext
tion pulse~240 V, 4 ms!, which is applied to the entranc
aperture of the TOF. The front plate of the CMA acts as
opposite electrode~ground level!. Having passed the en
trance aperture~B 6 mm!, the ions are postaccelerated in
second acceleration stage of about260 V before reaching
the field-free 116-mm drift region and finally being accele
ated onto the detector by an acceleration voltageUacc of

FIG. 1. ~a! View from the side of the experimental setup sho
ing cylindrical mirror electron analyzer~CMA!, time-of-flight ion
analyzer~TOF!, and gas inlet. The synchrotron radiation beam
directed towards the observer.~b! View from above~SR is synchro-
tron radiation!. ~c! Shape of solid angle accepted by CMA. Atom
beam source and cooling shield are used for experiments on m
atoms~for example, see Ref.@9#!.
t-

-
c-

e

-

22.5 to23 kV. Deviating from the original Wiley-McLaren
technique, in our TOF the second acceleration stage is
held at a constant voltage, but it is pulsed synchronou
with the extraction pulse, and between the pulses all volta
~except the detector! are held at ground level. By this chang
in the technique the background ion signal in the TOF sp
tra was drastically reduced. With the second stage held
constant negative voltage, as in the original setup, a la
number of randomly produced ions enter the TOF spectro
eter, which give rise to uncorrelated detector signals.

In the setup the axial distance between the CMA fro
plate and the interaction region is fixed at 8 mm while t
respective distance between the interaction region and T
entrance aperture is variable between 2 and 16 mm by m
ing the whole TOF inwards and outwards. This facilitat
fine adjustments without breaking the vacuum. The th
field-limiting meshes of the TOF have an open area of 8
each. This corresponds to a total axial transmission
> 66%.

B. Coincidence measurements

Time correlation between electron and ion signals is m
sured by a coincidence circuit shown in Fig. 2. The meth
takes advantage of the fact that the investigated elect
(15 eV<e<100 eV) move much faster than the thermal ph
toions. Thus, an electron signal is available when the co
sponding photoion is still located very close to the positi
where the ionization process took place. A coincidence m
surement is performed by using signals of the electron de
tor for ~a! triggering the ion extraction pulse and~b! starting
an ion TOF measurement on a time-to-digital conver
~TDC!. Analyzed photoions that produce coincidence sign
at the detector are registered in the stop input of the TD

If the analyzer energy of the CMA is fixed during th
measurement, a TOFcoincidence spectrumof photoions cor-
related with electrons of a specific kinetic energye is ob-
tained. Characterizing the different ion species by their a
lyzed final charge staten, p(e,n1) denotes the probability
for the correlation ofn-fold charged photoions to electron

tal

FIG. 2. Principal electronic setup used for electron-ion coin
dence measurements and for ‘‘standard’’ TOF measurements~PG is
the pulse generator, MCA is the multichannel analyzer, HV-PG
the high voltage pulse generator, TDC is the time-to-digital co
verter!.
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284 57T. LUHMANN et al.
of the selected kinetic energye. For eache, these probabili-
ties are themeasured quantitiesof the coincidence experi
ment and a normalization relation

(
n1

p~e,n1 !51 ~1!

holds, if the indexn runs over all occurring final charg
states. It is an advantage of the ion TOF method that fo
specifice the correlation probabilitiesp(e,n1) of all final
charge statesn1511,21,... aremeasured simultaneously
How useful this information is in the analysis of photoio
ization processes is described in Sec. III.

Due to a number of distorting effects, however, the re
tive intensities of the different ion species in a coinciden
spectrum do not represent the probabilitiesp(e,n1) di-
rectly. The main effects are~a! the occurrence of false star
and false coincidences,~b! the finite transmissiont(n1) of
the TOF spectrometer,~c! the detection efficiencyh(n1) of
the ion detector, and~d! the dead time in the coincidenc
signal registration. Depending on the experimental con
tions, the effects may be very strong, and additional exp
mental and analytical efforts are necessary to extract the
sired probabilitiesp(e,n1).

In the following, the origin of the different distortions wil
be described and the method of extraction of the probabili
p(e,n1) from the measured data will be explained.

True and false coincidences

Signals from the electron ‘‘branch,’’ which initiate a TO
measurement, are denoted asstarts. Registrable signals from
the ion detector, which arrive at the TDC stop input, a
denoted ascoincidences. In the coincidence experiment sp
cific electron-ion pairs are selected due to their correlation
time. If a certain electron triggers a TOF measurement cy
for the ion belonging to it, atrue start has occurred, and th
ion is called atrue ion. A true coincidence is observed, if th
true ion produces a registrable detector signal. Correspo
ingly, the signals of all other ions are calledfalse coinci-
dences. Only false coincidences are observed if the T
analysis is triggered by afalse start, e.g., by a dark puls
from the electron detector or by a pulse from a random pu
generator. While a TOF cycle is active, further trigger s
nals are omitted. It is important to note that due to the c
relation of a true start withone true ion, at most onetrue
coincidence may occur in any TOF cycle. In contrast to th
there is no limit to the number of false coincidences. In
TOF coincidence spectrum, which represents the result
measurement, true and false coincidences are superimp
and they are indistinguishable from each other.

For each final charge staten1 the average number o
false ~index F! and true~index T! coincidences per TOF
cycle is given by

n̄F~n1 !5N̄~n1 !t~n1 !h~n1 !, ~2a!

n̄ T~n1 !5p~e,n1 !pTS~e!t~n1 !h~n1 !.1. ~2b!

Here, N̄(n1) is the average number of false ions an
lyzed in a TOF cycle. It is connected with the ion producti
rateR(n1) by a proportionality factorDt:
a
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N̄~n1 !5R~n1 !Dt. ~3!

pTS(e) is the probability of a true start occurring in the me
surement:

pTS~e!5
RTS~e!

RTS~e!1RFS~e!
~4!

~RTS andRFS: rates of true and false starts, respectively!.
Considering the ratio of the average numbers from E

~2a! and ~2b! @with Eqs.~3! and ~4!#,

n̄ F~n1 !

n̄ T~n1 !
5

1

p~e,n1 !
R~n1 !DtS 11

RFS~e!

RTS~e! D , ~5!

we find that an experimentally favorable, i.e., small ratio
achieved only if~a! the correlation probabilityp(e,n1), that
is to be measured, is high,~b! the ion production rate
R(n1) is low, and ~c! the rate of false starts,RFS(e), is
small in comparison with the rate of true starts,RTS(e). The
latter is usually the case when photolines with high intens
are investigated. However if the background in photoelect
spectra is analyzed the rate of true starts may be dramatic
low. In these cases, increasingRTS(e) by raising up the total
rate of ionization events brings about no statistical adv
tage, becauseR(n1) is also increased, which compensat
the effect. The factorDt is discussed in Ref.@10#.

An expression forp(e,n1) in terms of measurable quan
tities is obtained by solving Eq.~2b! for p(e,n1),

p~e,n1 !5
1

t~n1 !

1

h~n1 !

n̄ T~n1 !

pTS~e!
, ~6!

and then dividing the right side of Eq.~6! by the correspond-
ing sum of all occurring charge states@making use of Eq.
~1!#:

p~e,n1 !5
@1/t̂~n1 !#@1/ĥ~n1 !# n̄ T~n1 !

(k1@1/t̂~k1 !#@1/ĥ~k1 !# n̄ T~k1 !
. ~7!

Here,

t̂~n1 !5
t~n1 !

t~n01 !
and ĥ~n1 !5

h~n1 !

h~n01 !
~8!

are the relative transmissions and detection efficiencies
ions with charge staten1 with respect to ions with charge
state n01 ~n01 is a fixed charge state, e.g., 11!. These
relative quantities can be handled experimentally much m
easily than absolute quantities.

Relative ion transmissions

As can be seen from Eq.~7!, only the relative transmis-
sions of true ions are relevant for the determination
p(e,n1). Due to the cylindrical symmetry of the TOF spe
trometer we may distinguish between radial and axial tra
mission. The radial transmission is again split up into a sta
factor tstat and a dynamic factortdyn:

t~n1 !5tstattdyn~n1 !taxial. ~9!
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57 285FINAL ION-CHARGE RESOLVING ELECTRON . . .
The factortstat takes into account the spatial overlap of t
acceptance regions of the two spectrometers, TOF and C
with the synchrotron radiation and the atomic beam. By d
nition, true ions are always produced within the accepta
region of the CMA, since respective electrons must be
tected~cf. definition of true ions above!. tstat then denotes the
fraction of true ions, which is produced also within the sp
tial acceptance region of the TOF. The third factortaxial is
the total axial transmission of the TOF meshes~cf. Sec.
II A !. Both factors are independent of the ion chargen1 and
therefore do not contribute to the relative transmissions.
remaining factor,tdyn5tdyn@m,T,textr(m,n1)# takes into ac-
count the fact that ions drift away from their initial position
due to their thermal energy. Assuming that the TOF entra
aperture is the radially limiting aperture,tdyn depends on the
extraction timetextr(m,n1), which is the time from the cre
ation of the ion until the moment when it reaches the T
entrance aperture after acceleration by the extraction pu
This extraction time is different for each ion species due
the charge- and mass-dependent axial acceleration of
ions. During the extraction process there is time for the io
to drift in the radial direction and leave or enter the acc
tance area of the TOF.

In Fig. 3 the result of a model calculation is shown: in th
calculation, the radial distribution of the initial positions
true ions was assumed to be Gaussian and symmetrical
respect to the TOF axis. A Maxwell-Boltzmann velocity di
tribution of ion velocities was assumed. The transmiss
factor tdyn was calculated as the fraction of ions that af
extraction timetextr were still located within the acceptanc
region of the TOF. The striped vertical bars in the lower p
of Fig. 3 indicate typical extraction times for differentl
charged ions of the displayed elements. In the calculat
the distances and acceleration voltages described in Sec
were used, and for the radial distribution of ions a full h
width of 1.5 mm was assumed. As one can see from Fig

FIG. 3. Upper part: schematic illustration of the dynamic tra
mission of true ions. Due to their thermal energy, true ions m
drift out of the TOF acceptance region during the extraction proc
and are lost for the analysis. Lower part: result of a model calc
tion of the dynamic transmission for three elements at differ
temperatures. Striped vertical bars indicate extraction times of
ferently charged ions in the experiment.
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for Xe ~300 K! the transmissions are nearly equal, while f
La ~2000 K! considerable differences are found for the d
ferent ion species due to the higher temperature.

This model calculation, of course, only serves as an in
cator of whether transmissions are relevant or not in the
periment. In the case of Xe there is no need to take transm
sions into account for the given experimental configurati
while in the case of La relative transmissions are inde
relevant. However, they might be eliminated either by e
larging the TOF entrance aperture or by decreasing the
traction timetextr.

Relative ion detection efficiencies

The detection efficiencyh here denotes the fraction o
ions that, upon hitting the detector, produce output pul
above the discriminator level that can be registered in
TDC stop input. Dead time effects of the detection syst
and the subsequent electronics, which may induce additio
pulse losses, are not included in this definition.

As measurements from other authors show@12,13#, for
ions of the same mass but different charge statesn1, to a
good approximationh only depends on the kinetic energ
Ekin of the ions hitting the detector; i.e.,h is a unique curve
of the kinetic energy,h5h(Ekin). In the present experimen
this kinetic energy is given by

Ekin~n1 !5ne~Uextr1Uacc!, ~10!

whereUextr is the voltage of the TOF extraction pulse an
Uacc is the detector acceleration voltage~see Sec. II A!.

This makes it possible to determine relative ion detect
efficienciesh(n1)/h(n01) by ‘‘standard’’ TOF measure-
ments, where TOF cycles are triggered by a pulse gener
~see Fig. 2!. In a TOF measurement, the numbers of detec
signals of the differently charged ion species are registe
for a certain number of TOF cycles. By a series of measu
ments, varyingUacc, the number of detector signals is dete
mined for each ion species as a function ofEkin . The result
of an analysis of a channeltron detector is shown in Fig
For three ion species, Xe 11, 21, 31, the measured inten
sities are displayed on a relative scale. The intensities of

-
y
ss
-
t

if-

FIG. 4. Relative detection efficiencyh of Xe ions, as a function
of the kinetic energyEkin , determined by variation ofUacc. UDet

denotes the detector voltage. A polynomial fit curve to the dat
also shown~—!. For a specific setting,Ekin524 kV, the relative
efficiencies of 11, 21, and 31 ions are marked by dotted lines
and the resulting ratiosh(n1)/h(n81) are displayed.
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286 57T. LUHMANN et al.
different charge states have been rescaled by fixed facto
obtain a unique curve forh(Ekin). For specificUextr and
Uacc, according to Eq.~10!, relative detection efficiencie
are extracted as indicated in the figure.

Numbers of true coincidences

The elimination of false coincidences from measured
incidence spectra and the determination of the average n
bers of true coincidencesn̄ T(n1) is a difficult problem,
which was solved by the development of a sophisticated
tistical evaluation procedure. This method is described
detail in Ref.@10#. Another approach for the determination
the coincidence rates was given by Kossmann@11#. Here,
only a brief outline of the experimental aspects is given.

For each TOF coincidence spectrum, containing true
false coincidences, the distribution of false coincidence
determined by a reference measurement~‘‘standard’’ TOF
measurement, see above!. This distribution then has to b
subtracted from the coincidence spectrum, taking into
count specific dead time effects in signal registration. For
evaluation procedure it is important that both spectra are
corded under the same experimental conditions. This
achieved by switching every 5–10 s between electron trig
~coincidence mode! and random trigger~reference mode!.
Due to accumulation of false ions in the interaction reg
~see Ref.@10#!, valid TOF starts must be separated by
minimum disable time. Both TOF spectra, registered in p
allel, are then employed in calculating, channel by chan
the distribution of true coincidences. With the calculati
procedure, a correction of signal losses due to dead t
effects in the electronics is also performed. As an exam
results of two measurements and reduced spectra of true
incidences are discussed in Sec. III.

The correct mode of operation of the evaluation proced
described in Ref.@10# has been tested by a series
coincidence-reference measurements of the Xe 4d5/2

21 photo-
line for different source intensities~ionization rates!. In these
measurements, the source intensity and with it the rate
false coincidences was varied by a factor of about 20. A
result, in Fig. 5 the ratio of the correlation probabilities f
the 21 and 31 charge state,p(e,21)/p(e,31), evaluated

FIG. 5. Ratio of measured correlation probabilitiesp(e,21) and
p(e,31) for Xe after decay of 4d5/2

21 hole states as a function o
source intensity. The source intensity is proportional to the ave
number of false coincidences per TOF cycle. In the figure the

tensity scale is represented byn̄ F(21). Dashed line: constant fit to
data points.
to
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from Eq. ~7!, is displayed as a function of the average nu
ber of false 21 coincidences per TOF cycle,n̄ F(21). The
displayed ratio is constant within the experimental error ba
which demonstrates that false coincidences have been
cessfully eliminated in the evaluation.

III. FIRE SPECTROSCOPY: Xe IN THE REGION
OF THE 4d˜ef RESONANCE

The prominent Xe 4d→e f atomic shape resonance abo
threshold, which results from the repulsive centrifugal b
rier in the effective potential for the excitede f electron, has
stimulated many theoretical and experimental studies~see,
for example,@14# and references therein!. Apart from the
partial cross sections and angular distribution asymmetry
rameters for photoionization in the different subshells,
interest is focused on the decay of the 4d21 hole states es-
pecially with respect to higher-order many-electron p
cesses such as continuous~direct! double Auger decay with
the simultaneous emission of two electrons. Such proces
giving rise to a continuous distribution in electron spect
pose severe problems for a quantitative analysis. The
neering work of Ka¨mmerling et al. @7#, showed that the
electron-ion coincidence technique is able to determine
rectly decay probabilities of different decay routes. We ha
chosen the same example of the Xe 4d→e f resonance to
demonstrate the power of the coincidence method in its
tended form of FIRE spectroscopy.

In its upper part, Fig. 6 shows a photoelectron spectr

e
-

FIG. 6. Decay paths of excited singly ionized hole states of
into different final ion-charge states. Top: electron distributi
curve @EDC~e!# of Xe measured at a photon energy of 110.7 e
~thresholds from@17,24#, short arrows indicate elctron energiese of
measured coincidence spectra of Fig. 8!. Bottom: photoion time-of-
flight ~TOF! spectrum of Xe taken at the same photon energy.
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57 287FINAL ION-CHARGE RESOLVING ELECTRON . . .
~EDC! taken at a photon energy of 110.7 eV, i.e., at t
maximum of the broad 4d→e f atomic shape resonance. On
can see the main photolines due to photoionization in thep,
5s, and 4d subshells accompanied by corresponding sate
lines. At the left-hand side of the spectrum~low kinetic en-
ergy! one can also distinguish between severalN45OO Au-
ger lines due to the subsequent decay of 4d21 states. In the
lower part of Fig. 6, a photoion spectrum~TOF! of Xe taken
at the same photon energy of 110.7 eV is depicted. The

FIG. 7. Energy scheme obtained by~R!HF calculations using
the Cowan code@17#.
e

e

r-

rows between the photoelectron and the photoion spect
indicate different decay routes for the creation of the fin
ion-charge states Xen1 ~n51, 2, and 3!. The 5s21 or 5p21

states of the main photolines, for example, are located e
getically below the Xe21 threshold ~see also the energ
scheme in Fig. 7! and therefore can be correlated only wi
Xe11 ions.

The 4d21 states are located above the Xe31 threshold~but
below the Xe41 threshold! and can decay therefore into th
three final charge states Xe11, Xe21, and Xe31. These final
charge states are related to different possible decay rou
~A! decay of 4d21 states to 5p21 states by fluorescenc
leads to the formation of Xe11. ~B! Auger decay of 4d21

states to 5s22el , 5s215p21el , and 5p22el states leads to
Xe21. From the occurrence ofN45OO Auger lines in the
electron spectrum one can deduce that those decay route
rather probable.~C! Auger decay can be accompanied by t
excitation of an additional electron. In the special case
continuum excitation of this electron, the process leads to
creation of Xe31 ~continuous double Auger decay!. In the
continuous double Auger decay, the energy is shared
tween the two simultaneously emitted electrons, thus giv
rise to a continuous ‘‘background’’ in the electron spectru
~D! Another possibility for the formation of Xe31 is stepwise
Auger decay of the 4d21 hole states via Xe21 states to Xe31

states. In contrast to continuous double Auger@route ~C!#,
here the two electrons have discrete kinetic energies giv
rise to discrete Auger lines in the electron spectrum.

The 4dj
21 hole states have certain probabilitiesP(4dj

21

→n1) for the decay into different final charge states Xen1

of the photoions. It is therefore a challenging task to det
mine these probabilities by the technique of photoelectr
photoion coincidence spectroscopy.

Figures 8~a! and 8~b! give two examples for such a
photoelectron-photoion coincidence measurement at
specific electron energies,e541.2 eV ande524.4 eV. In
the electron spectrum of Fig. 6, these energies correspon
the 4d3/2

21 main line and one of the 4d21 satellite lines
aining

e

FIG. 8. Coincidence measurement~examples!. Top: measured ion coincidence spectra of Xe taken at 110.7-eV photon energy, cont
true and false coincidences;~a! kinetic electron energye541.2 eV corresponds to the 4d3/2

21 photoline ~data acquisition time 180 s!; ~b!
kinetic electron energye524.4 eV corresponds to the 4d21 satellite lines~data acquisition time 510 s!. Middle: corresponding referenc
spectra of false coincidences. Bottom: spectra of true coincidences both calculated with a method described in Ref.@10#.
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@marked by short arrows~↑!#, respectively. In the upper part
of Figs. 8~a! and 8~b!, the measured distributions of Xe11,
Xe21, and Xe31 photoions in the coincidence mode a
shown. These distributions include true and false coin
dence signals. The middle parts give the corresponding
tributions of the photoions obtained in the reference mo
representing the distribution of false coincidences. As
scribed in Sec. II B, the spectrum of true coincidences
deduced from coincidence spectrum and reference spec
and is shown in the lower part of Figs. 8~a! and 8~b!. For
both initial ionic states one finds that the signal of Xe11

vanishes, which means that the decay route~A! by fluores-
cence, yielding Xe11, can be neglected. With respect to t
decay routes~B!, ~C!, and~D! to Xe21 and Xe31 the results
yield a remarkable difference for both ionic hole stat
Whereas for the 4d3/2

21 state @Fig. 8~a!# the dominant final
ion-charge state is Xe21, the selected 4d21 satellite state
@Fig. 8~b!# preferably decays to Xe31. This means that for
the 4d3/2

21 state, the subsequent ‘‘normal’’ Auger decay
route ~B! into Xe21 is the main decay channel, while th
shakeup state of the 4d21 satellite has a very strong influ
ence on the subsequent Auger decay favoring double Au
decay~continuous and stepwise! into Xe31 @routes~C! and
~D!#.

For an accurate analysis of the decay probabilities of
4d21 states, one has to take into account that in the elec
spectrum the corresponding photolines are partially supe
posed on a background of direct double photoionizat
~shake-off! or continuous double Auger processes. Th
means that the start signals of the coincidence measurem
for a definite electron energye, in this special case, are co
related with different processes. Therefore one has to dis
guish between the measured correlation probabili
p(e,n1) of the different final ion-charge states Xen1 at a
specific electron energye and the decay probability
P„(nl j )

21→n1… of a specific initial hole state.
In order to get information about the background cau

by direct double photoionization or continuous double A
ger, one has to perform coincidence measurements in
energy regions between the photolines. With the impro
version of our experimental setup, we are now able to ca
out coincidence measurements for a complete electron s
trum. In the present case, for example, approximately
coincidence spectra in the electron energy ran
15 eV<e<100 eV were obtained. The results of these m
surements are shown in Fig. 9, where below the elec
spectrum the measured correlation probabilitiesp(e,11),
p(e,21), and p(e,31) are given. For a specific measur
ment at kinetic energye, the sum(n51

3 p(e,n1) is normal-
ized to 1, according to Eq.~1!.

The correlation probabilityp(e,11) for the creation of
singly charged (Xe11) photoions shows the expected beha
ior of p'1 for e.78 eV ~i.e., below the threshold of Xe21!.
For e,45 eV ~i.e., in the region of the 4d ionization! the
vanishing correlation probabilityp(e,11) indicates that
fluorescence decay of 4d21 states by processes lik
4d21→5p211hn, in which the final ionic state is locate
below the Xe21 threshold, can be neglected within the e
perimental error bars. Dramatic changes in the correla
probabilities p(e,21) and p(e,31) for doubly and triply
e
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charged photoions Xe21 and Xe31 occur in the region of the
4d ionization. These are caused by different processes
direct 4d photoionization~main lines!, 4d photoionization
with excitation ~satellite lines!, Auger decay~Auger lines!,
and direct double photoionization and continuous double A
ger decay, which produce a continuous background in
electron spectrum.

For a discussion of these processes we introduce a m
convenient representation of the results. By multiplying t
electron spectrum EDChn(e) ~or a fitting curve to it! with the
correlation probabilitiesp(e,n1) for fixed n1, one obtains
the final ion-charge resolved electron~FIRE! spectrum:

EDChn
n1~e!5p~e,n1 !EDChn~e!. ~11!

EDChn
n1(e) represents the contribution to EDChn(e) of

photoionization processes ending up in an1 final ion-charge
state. The sum of all these contributions results in the or
nal electron spectrum:

FIG. 9. Top: measured electron spectrum of Xe taken
110.7-eV photon energy. Bottom: measured correlation probab
ties between electrons of kinetic energye and different final ion-
charge states Xe11 to Xe31.
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Figure 10 shows the fitting curve to the measured elec
spectrum of Fig. 9~above! and its final ion-charge resolve
contributions EDChn

n1(e), n51,2,3 ~below!.
The region of high kinetic energye.78 eV ~i.e., below

the threshold of Xe21! shows a contribution of 100% b
singly charged photoions Xe11, whereas the region of low
kinetic energye,45 eV ~i.e., above the threshold of Xe31!
is characterized by the vanishing contribution of Xe11 and
the varying contributions of Xe21 and Xe31. For a better
demonstration of these variations we have plotted the F
spectra of Xe21 and Xe31 again for the different kinetic en
ergy rangese of 4d21 main lines and the 4d21 satellite
lines.

4d21 main lines

Figure 11 shows FIRE spectra athn5110.7 eV of the
main photolines 4d3/2

21 and 4d5/2
21 at e539245 eV. The de-

cay probabilitiesP(4dj
21→n1) for the main photolines to

Xe21 and Xe31 derived from the spectra in Fig. 11 are give
in Table I. Comparison with the results of Ka¨mmerlinget al.
@7# shows excellent agreement. Using the branching ratio

FIG. 10. Top: fitting curve to measured electron spectrum
Fig. 9. Different layers under the curve correspond to contributi
of different FIRE spectra. Bottom: FIRE spectra for the cha
states Xe11 to Xe31.
n

E

of

4d5/2
21 :4d3/2

2151.3:1 @15#, one gets a mean value for th
double Auger decay ofP(4d21→31)50.188(9) from our
experimental data. With the combination of photoion a
photoelectron data, Beckeret al. @14# and Kämmerlinget al.
@16# estimated mean values ofP(4d21→31)50.215 and
P(4d21→31)50.24, respectively, which are slightl
higher than our direct measured results. The 4d21 states are
located only 3–5 eV above the first Xe31 threshold. The
contribution to the double Auger decay is different for t
fine structure components 4d3/2

21 and 4d5/2
21 . The decay prob-

ability P(4d3/2
21→31)50.219(9) for the component with

higher ionization energy is larger than the correspond
value P(4d5/2

21→31)50.165(9). This may be due to a

f
s
e

FIG. 11. Top: measured electron spectrum of Xe taken
110.7-eV photon energy in the region of the 4d main lines. Bottom:
FIRE spectra for the charge states Xe21 and Xe31. Xe11 final
charge states were not observed within the error bars and have
omitted for clarity.

TABLE I. Decay probabilitiesP(4d21→n1) of the 4d21

main lines to Xe21 and Xe31.

This work Results of Ref.@7#
~R!HF

calculationsb

21 31 21 31 21 31

4d5/2
21 0.835~9! 0.165~9! 0.825~15! 0.175~15! 0.93 0.07

4d3/2
21 0.781~9! 0.219~9! 0.783~15! 0.217~15! 0.92 0.08

4d21 0.812~9! 0.188~9! 0.807~15! 0.193~15! 0.93 0.07

aKaemmerlinget al.
bUsing the Cowan code, Ref.@17#.
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larger number of Xe31 final states, which can be reache
starting from the 4d3/2

21 component.
The values in the last two columns of Table I are based

~R!HF calculations using the Cowan code@17#. For the Au-
ger decay into Xe31 it is assumed that all Xe21 states above
the Xe31 threshold, which are populated by the first step
the 4d21 decay into Xe21, will further decay into Xe31.
Although the absolute difference between the calculated
cay probabilityP(4dj

21→31) and the experimental value i
only about 0.1, this corresponds to a relative difference o
factor of 2. This is the case even when a large numbe
basis configurations, shown in Fig. 7, is used.

Moreover, we investigated whether the kinetic energy
the 4d21 photoelectrons influences the following decay p
cesses, by measuring the decay probabilities of the 4d21

hole states at different photon energieshn. Figure 12 shows
the probabilitiesP(4d5/2

21→31) and P(4d3/2
21→31) for a

series of measurements in the region ofe5I 2hn56
258 eV, demonstrating that abovee.6 eV the probabilities
remain constant within the error bars. Only very close
threshold the decay probabilities might be influenced
postcollision interaction~PCI! ~see Borst and Schmidt@18#
and references therein! between photo and Auger electron

4d21 satellite lines

By a number of studies the decay of the descrete re
nances Xe 4d21np has been investigated where a lar
double Auger yield was found@19,20#. In case of the 4d
photoionization with additional excitation of a 5p electron to
4d215p216p states@21,22# the investigation is more com
plicated because of the overlap with the much strongerd
photoionization~main process!, resulting in an extended Au
ger structure. FIRE spectra of the 4d21 satellite lines and
N45OO Auger lines in the kinetic energy rangee523
231 eV taken at a photon energyhn5110.7 eV are de-
picted in Fig. 13. The 100% contribution of doubly charg
photoions of the line ate530 eV is consistent with the as
signment toN5O23O23

1S0 Auger decay. For the determina
tion of the decay probabilities of the 4d21 satellite states a

FIG. 12. Measured decay probabilities of the Xe 4d3/2
21 and

4d5/2
21 hole states into 31 final charge states as a function of th

kinetic energye of the emitted primary photoelectron. Filled sym
bols: this work. Open symbols: from Ref.@7#. Dashed line:
weighted average of given data.
n
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contribution of background has to be taken into consid
ation. The inset in the upper part of Fig. 13 shows again
electron spectrum athn5110.7 eV in comparison with an
electron spectrum taken athn5104.7 eV. In the latter spec
trum athn5104.7 eV weak Auger lines can be seen in t
region of the 4d21 satellite lines (e523228 eV) for hn
5110.7 eV. These Auger lines~corresponding to line No.
10-14, notation of Wermeet al. @23#! are correlated with
normal Auger decay ending up in a Xe21 final ion-charge
state and therefore have to be taken into account in the1
FIRE spectrum. The 31 FIRE spectrum may contain an in
creasing continuous background for decreasing kinetic
ergy e which could be due to double Auger decay
4d215p21np satellite states. The deduced decay probab
ties for the strongest 4d21 satellite states atI 586.4 eV and
I 584.4 eV after these background corrections are show

FIG. 13. Top: measured electron spectrum of Xe taken
110.7-eV photon energy in the region of the 4d21 satellite lines.
Inset: additional electron spectrum taken at 104.7-eV photon
ergy. Bottom: FIRE spectra for the charge states Xe21 and Xe31.
Xe11 final charge states were not observed within the error bars
have been omitted for clarity.

TABLE II. Decay probabilities P(4d21→n1) of
4d215p216p satellite lines to Xe21 and Xe31.

This work ~R!HF calculationsa

21 31 21 31

I 584.4 eV 0.26~8! 0.74~8!

I 586.4 eV 0.29~8! 0.71~8!

4d21 Sat. 0.27~10! 0.73~10! 0.38 0.62

aUsing the Cowan code, Ref.@17#.
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Table II. The obtained mean value of 0.73~10! for the rela-
tive Xe31 contribution on the decay of the 4d21 satellite
states is much higher than the corresponding value for
4d21 main lines~0.188~9!, Table I!.

The same tendency was found already by Beckeret al.
@14# and Kämmerling et al. @16# who estimated values fo
double Auger decay for the 4d21 satellite states averagin
over all 4d21 ‘‘shake-up’’ processes, combining photoele
tron and photoion data. The estimated average values fo
relative Xe31 contribution of 0.58~Becker et al. @14#! and
~0.54! ~Kämmerlinget al. @16#! are slightly smaller than the
measured mean value 0.73~10! of the 4d215p216p states.
However, these estimated values are very sensitive to
relative Xe31 contributionP(4d21→31) of the 4d21 main
process. If one uses the measured mean valueP(4d21

→31)50.188(9) instead of the estimated valu
P(4d21→31)50.24 from Kämmerlinget al. @16# the esti-
mation for the Xe31 contribution of the 4d21 satellite states
yields a value of 0.90.

Similar ~R!HF calculations as performed for the 4d21

main lines have been carried out for the 4d21 satellite states
~Table II!. The calculated mean value of 0.62 for the relat
Xe31 contribution is in rather good agreement with the me
sured mean value of 0.73~10! although the absolute differ
ence is about 0.1 as in the case of the 4d21 main lines.
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All these results show that the double Auger decay of
4d21 satellite lines to Xe31 final ion-charge states is th
dominant process in analogy to the double Auger decay
the discrete resonances 4d21np to Xe21 final ion-charge
states.

In summary, we described an electron-ion coincidence
periment with energy-analyzed electrons. With the devel
ment of a sophisticated statistical evaluation procedure
the distinction between true and false coincidences~Ref.
@10#! high counting rates were achieved. We were able
split an electron spectrum into the different contributions
the final ion-charge states~FIRE spectroscopy!. With the ex-
ample of xenon in the region of the 4d→e f resonance we
have shown that this method is a valuable tool for the inv
tigation of complex decay routes of core excited atom
states.
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